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ABSTRACT 
The selection of an appropriate production strategy for an oil field is a complex task due to the 
large number of geological, technical and economic uncertainties. Polymer flooding is an 
enhanced oil recovery technique where water-soluble polymer is added to the injection brine, 
increasing its viscosity and reducing water mobility aiming to improve volumetric sweep and oil 
recovery. Uncertainty in polymer properties, such as retention, rheology and degradation may 
bring additional complexity to this process. The primary goal of this work is to verify the impact 
of polymer properties on the production strategy selection analyzing if it is necessary to consider 
them in the decision analysis process. This analysis is extended to a probabilistic point of view, 
where geological and polymer specific uncertainties are considered. The test case was a high 
permeability heavy oil reservoir, based on an offshore field in Brazil. Analysis of impact of 
polymer properties and production strategy selection were performed with the use of commercial 
numerical simulators. Mathematical formulations for polymer properties were tested in these 
simulators and tools from production strategy selection and risk analysis were applied to quantify 
the impact of the properties in the field indicators such as net present value, production and 
injection of fluids, polymer mass and oil recovery factor. The results showed that among the 
properties considered, polymer rheology, retention, degradation and salinity caused the greatest 
impact on field performance indicators; and a large uncertainty in the last two can result in poor 
performance of the polymer flood. Water flooding would be recommended in such cases. 
Strategies developed for ideal polymer (considering only viscosity effect) and water acted as a 
limit of performance for the field indicators, giving a reliable range of performance results to the 
decision maker. Finally, a field can be developed considering a strategy based on ideal polymer 
because occurrence of variation on property values can be compensated by a reoptimization of 
operational variable values. 
 
Key Words: Polymer Flooding, Chemical Enhanced Oil Recovery, Production Strategy 
Selection, Heavy Oil, Reservoir Simulation 
  
  
RESUMO 
A seleção de uma estratégia de produção para um campo de petróleo é uma atividade complexa, 
devido ao grande número de incertezas geológicas, técnicas e econômicas. A injeção de 
polímeros é uma técnica de recuperação melhorada de petróleo onde polímeros são adicionados à 
água de injeção, aumentando sua viscosidade e reduzindo sua mobilidade na tentativa de 
aumentar o varrido volumétrico e a recuperação de petróleo. Incertezas nas propriedades dos 
polímeros, como retenção, reologia e degradação podem trazer complexidade adicional a esse 
processo. O principal objetivo desse trabalho é verificar o impacto das propriedades dos 
polímeros na seleção de estratégia de produção analisando a necessidade de considera-las durante 
o processo decisório. Essa análise é estendida para um ponto de vista probabilístico, onde as 
incertezas são consideradas. O caso testado foi um reservatório de óleo pesado e alta 
permeabilidade, baseado em um campo marítimo do Brasil. As análises de impacto das 
propriedades e seleção de estratégias de produção foram realizadas com o uso de simuladores 
numéricos comerciais. As formulações matemáticas para as propriedades dos polímeros foram 
testadas nesses simuladores e ferramentas usadas em seleção de estratégia e análise de risco 
foram aplicadas para quantificar o impacto dessas propriedades em indicadores de campo como 
valor presente líquido, produção e injeção de fluidos, massa de polímeros e fator de recuperação 
de óleo. Os resultados mostraram que entre as propriedades consideradas, a reologia, retenção, 
degradação e salinidade causaram os maiores impactos nos indicadores de desempenho do 
campo; uma grande incerteza nesses dois últimos pode resultar em desempenho insatisfatório dos 
polímeros. Injeção de água seria recomendada nesses casos. Estratégias selecionadas para 
polímero ideal (considerando apenas efeito de viscosificação) e água funcionaram como limites 
de desempenho para os indicadores de campo, dando uma faixa confiável de valores de ao 
tomador de decisão. Finalmente, o campo pode ser desenvolvido considerando a estratégia 
baseada no modelo ideal para os polímeros, pois a ocorrência de variações devido às 
propriedades pode ser compensada por uma reotimização das variáveis operacionais. 
 
Palavras Chave: Injeção de Polímeros, Métodos Químicos de Recuperação Melhorada de 
Petróleo, Seleção de Estratégia de Produção, Óleos Pesados, Simulação de Reservatórios. 
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1. INTRODUCTION 
Global energy consumption is increasing in recent years, mainly due to emerging 
economies, which represent a very important part of this growth (BP, 2016). On the other hand, 
oil reserves are decreasing, especially light oil reserves. To maintain the supply of energy, it is 
very important to increase oil production which is a challenge for engineers and can be achieved 
by discovery of new reserves, exploitation of unconventional resources or development and 
application of Enhanced Oil Recovery (EOR) techniques. The focus of this work is the study of 
polymer flooding, which is an EOR technique. 
Fluids are initially produced through wells by the natural energy of the reservoir. However, 
this natural production usually decreases rapidly and a small fraction of the original oil in situ is 
recovered. Techniques to avoid a quick pressure decline and to increase oil production, such as 
water injection, are usually applied. However, water injection may not be efficient in some kind 
of reservoirs, such as heavy oil fields, due to unfavorable mobility ratios and formation of 
viscous fingers. In such cases, EOR techniques can be considered. 
EOR methods are mainly divided into three types. Thermal methods consist of raising the 
reservoir temperature and reducing oil viscosity. Miscible EOR methods consist of the injection 
of solvents (generally gases above minimum miscibility pressure) that interact with 
hydrocarbons, changing its thermodynamic properties and reducing interfacial tensions between 
solvent and oil, and decreasing residual oil saturation. Finally, chemical EOR are techniques 
which consist of the addition of chemicals in the injection brine to improve mobility control 
(polymer flooding) or decrease interfacial tension (surfactant, alkali). EOR techniques may also 
be applied together, taking advantage of processes synergy. 
Polymer flooding is a chemical EOR technique which consists of the addition of water-
soluble polymer in the injection brine to increase its viscosity, reduce the mobility ratio and 
improve volumetric sweep efficiency. This reduction on mobility ratio is even more important in 
the cases of heavy viscous oil. 
Different properties, such as retention in porous media, viscoelasticity, salinity differences 
between injection and formation water, molecular degradation and others, affect polymer 
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flooding performance. Numerical simulators that contemplate these properties are available, both 
commercially and academically (GOUDARZI et al., 2013). 
Values for these properties are uncertain, especially in the beginning of the development 
stage, what may lead to unexpected behavior of the polymer solution and, in drastic cases, lead 
the project to fail. 
To properly manage these uncertainties, it is necessary to apply decision analysis processes. 
Decision analyses study the influence of all the uncertainties in the field development. 
Uncertainties are combined statistically and a large number of scenarios is generated. The 
simulation of these scenarios allows the decision-maker to have a broader view of possible 
outcomes for field indicators, such as fluid production and injection, and economic performance.  
Typical geological variables considered in decision analysis are permeability and porosity, 
rock compressibility, existence of faults, oil characteristics and any other influencing parameter. 
Economic parameters, such as oil price, operational costs, fluid handling costs and others also 
need to be considered. SCHIOZER et al. (2015) presents a detailed procedure for closed loop 
reservoir management to perform this decision analysis. 
The application of polymer flooding in the reservoir brings additional uncertainties to the 
decision analysis process, which must be evaluated to ensure more reliability and robustness in 
the process. 
BOTECHIA (2016) applies the decision analysis procedure for water injection and polymer 
injection in a heavy oil field to decide which technique should be applied. The consideration of 
polymer flooding during the decision analysis process allows for the selection of strategies with 
higher economic results. 
One approach for production strategy selection is dividing the optimization variables into 
two main groups (GASPAR et al., 2016). Design variables (G1), are related to the decisions that 
need to be taken before the field starts to be developed. Examples of design variables are number 
and position of wells, type and capacity of platform and drilling schedule. The other group of 
variables (G2) comprehends control variables, which are related to the field management, and 
can be changed during field operation. Examples of control variables are production and injection 
rates for fluids, bottom-hole pressures, economic limit to shut-in producers and, in the specific 
case of polymers, slug size and polymer concentration. 
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1.1. General Motivation 
With the decrease of light oil reserves, the heavy oil becomes more important. Also, heavy 
oils are especially important in South America where 33% of the world reserves of this type of 
oil are located (MEYER et al., 2007). Polymer flooding is therefore an interesting alternative for 
these cases. 
Literature also reports that polymer flooding is a successful enhanced oil recovery (EOR) 
technique (GAO, 2011). This success, however, depends on a detailed decision analysis process. 
In this scenario, the risk analysis becomes a very useful tool allowing for better decision-making. 
1.2. Specific Motivation 
Traditional risk analysis studies the uncertainties on geologic and economic parameters. 
For more complex processes, such as polymer flooding, however, this approach may not be 
enough. To allow a more robust risk analysis, uncertainties on polymer specificities also need to 
be assessed. 
In the beginning of field life, not enough information is available about each polymer-
related property. The main motivation of this thesis is to determine if a simplified polymer 
model, where only viscosifying effect is considered, allows the selection of a robust strategy, or if 
the polymer properties will impact strongly in this selection. 
1.3. Objectives 
The objective of this work is to verify the impact of polymer properties on the production 
strategy selection under uncertainty and analyzing if it is necessary to consider them in the 
decision analysis process. 
It is divided in three main parts. The first part aims to quantify the impact and identify the 
main properties of polymer flooding in the performance of the selected field. The second part 
focuses on the verification of the impact of the most influencing properties in the production 
strategy selection and comparison with the process considering only polymer viscosifying effect. 
In the third part, the influence of these properties is also verified in a probabilistic process for 
production strategy selection, considering also other uncertainties. 
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1.4. Thesis Organization 
This thesis is organized in eight chapters. In Chapter 1, a brief introduction, motivation and 
objectives are presented. 
In Chapter 2 is the literature review, where the most important theoretical and practical 
aspects are shown. The state of art for the polymer flooding properties and optimization tools is 
discussed. 
The methodology proposed and applied in this thesis is described in Chapter 3, presenting 
the steps to perform the analyses. 
In Chapter 4, the details of the field, fluid and polymer model are presented. Economic data 
considered in this work are described here as well. 
The results are presented in three separated chapters. In Chapter 5, polymer properties are 
studied separately, where for each of them both simplified tests and field cases are tested. The 
influence of each property on the field indicators is presented to show which parameters are the 
most influencing. 
Two reference strategies, one for water and other for ideal polymer (only viscosifying 
effect considered) are selected. For each of the most influencing properties, one strategy is 
selected considering the effect of property in both design variables (G1) and control variables 
(G2), and another uses the G1 selected for ideal polymer and considers property for G2 
optimization. Chapter 6 shows the results for these strategies and their comparisons. In this 
chapter, the analysis is deterministic. 
Probabilistic analyses and comparison of risk curves are shown in Chapter 7 to verify the 
effects for a wide range of uncertainties. 
Finally in Chapter 8 the conclusions are summarized and themes for future work are 
suggested. 
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2. LITERATURE REVIEW 
In this section, an overview of the most important concepts of (1) polymer flooding and 
modeling and (2) economic analysis are presented.  
2.1. Polymer Flooding and Modeling 
Polymer flooding is a chemical enhanced oil recovery (EOR) technique, which consists of 
the injection of water with soluble polymer in the reservoir. The addition of polymer molecules 
results in an increase in viscosity, which improves vertical and areal sweep, reduces mobility 
ratio and the water fractional flow (NEEDHAM and DOE, 1987). 
Several properties affect the behavior of the solution of water and polymer. Molecular 
retention and degradation, influence of salinity, viscoelasticity, and permeability reduction are 
examples. The following sections discuss the most important polymer properties, presenting their 
theoretical foundations and mathematical modeling. 
2.1.1. Mobility Control and Improvements on Sweep Efficiency 
Even for a homogeneous reservoir, high mobility ratio favors creation of preferential paths 
for water, known as viscous fingering. The reduction of mobility ratio provided by polymer 
reduces the occurrence of viscous fingering. Figure 2.1 shows the difference in areal sweep for 
both a non-favorable and favorable mobility ratio. 
Some reservoirs also have a strong tendency for vertical anisotropy, diverting fluids to the 
direction of higher permeability layers. The improvement in mobility ratio M enhances, also, the 
vertical sweep efficiency (GREEN and WILLHITE, 1998). Figure 2.2 illustrates this effect, for 
example where permeability decreases from K1 to K5 layers. 
 
32 
 
 
Figure 2.1 – Water injection for a non-favorable (top) and favorable (bottom) mobility ratio 
(SHENG, 2012) 
 
 
Figure 2.2 – Vertical displacement of injected water (blue) for the cases of water injection (left) 
and polymer injection (right) 
(Adapted from LAMAS, 2014) 
Mobility ratio is defined as the ratio between water mobility (displacing fluid) and the oil 
mobility (displaced fluid), as shown in Equation 2.1. (CRAIG, 1971). 
   
      
      
 Equation 2.1 
where   - Mobility ratio 
    - Oil viscosity 
    - Water viscosity 
     - Oil relative permeability 
     - Water relative permeability 
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A mobility ratio greater than one means that water can flow easier than oil, therefore, an 
unfavorable situation. Smaller mobility ratio results in stabilization of the water front, allowing 
better oil displacement. Addition of polymers in the injection brine increases its viscosity (  ). 
Besides that, the presence of the polymer molecules (large molecular chains) makes it more 
difficult for the fluid to pass through the pores, decreasing its relative permeability (   ). These 
effects decrease mobility ratio, according to the Equation 2.1. 
2.1.2. Fractional Flow Theory 
Another point of view of mobility control is an analysis on the fractional flow of water, 
which is defined by Equation 2.2. 
    
  
     
 Equation 2.2 
where    - Fractional flow of water 
    - Water flow rate 
   - Oil flow rate 
 
Applying Darcy´s law for both oil and water phases in a porous media, for steady state in a 
horizontal linear system, considering capillary forces sufficiently small         and 
neglecting gravity effects, Equation 2.2 is simplified to Equation 2.3. 
    
 
  
      
      
 Equation 2.3 
The addition of polymer increases water viscosity (  ) and decreases the relative 
permeability (   ), decreasing also the water fractional flow. 
Another important conclusion from Equation 2.3 is that for higher the oil viscosity (  ), 
assuming the other parameters constant, the water fraction flow is smaller. Thus, polymer 
flooding is an important technique for heavy oil recovery. Oil is considered heavy when density 
is in the range from 10 to 20 degrees API, and viscosities higher than 100 cP (GAO, 2011). 
Using the concept of fractional flow, a theory has been developed to predict water and oil 
saturations for water-flooding (BUCKLEY and LEVERETT, 1942). Based on this theory, a 
graphical analysis was proposed (WELGE, 1952). POPE (1980) generalizes the theory to include 
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prediction of performance for enhanced oil recovery techniques. The fractional flow theory is 
based in the mass balance equation. 
A shock front is formed if saturation velocities in displacing fluid are greater than those in 
displaced fluid. This is valid for most oil/water displacements. In these cases material balance 
(Equation 2.4) gives the velocity of this shock front, or saturation discontinuity. (POPE, 1980). 
        
 
  
 
       
       
   Equation 2.4 
where:   = Cross-sectional area 
    = Water fractional flow 
       =Shock front velocity 
  =Injection and production rate 
   =Water Saturation 
   = Porosity 
 Subscript   = Shock front 
 Subscript   = Initial condition 
 
Calculating the fractional flow by using Equation 2.3, for all the range of values of water 
saturation, the fractional flow curve, shown by Figure 2.3 is generated. From this curve it is 
visually possible to note that for higher values of injected fluid viscosity, at the same saturation, 
the fraction of water in the flow is smaller. 
 
Figure 2.3 – Fractional flow curves for water (left, lower viscosity) and polymer (right, higher 
viscosity). Inclination of dashed line represents velocity of shock wave front  
(Adapted from POPE, 1980) 
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Figure 2.3 also shows that retention and inaccessible pore volume affect the velocity of 
polymer front. According to Equation 2.4, the velocity of chemical front will be given by the 
slope of the line that passes through the point –Dp+IPV and is tangent to the fractional flow 
curve, as shown in Figure 2.3. Details on retention and inaccessible pore volume will be 
discussed in the following sections. 
2.1.3. Polymer Retention 
Polymer retention happens because of three main phenomena: polymer adsorption by the 
rock, mechanical blockage due to pore geometry and hydrodynamic entrapments due to fluid 
mechanics. It is important to understand and quantify retention because as the polymer 
concentration reduces, the solution viscosity decreases. Figure 2.4 shows these processes. 
 
Figure 2.4 – Mechanisms of polymer retention in porous media 
(Adapted from SORBIE, 1991) 
The adsorption is the property by which molecules are attached to the rock matrix. SORBIE 
(1991) explains that the adsorption is more related to physical forces, like van der Walls, than by 
chemical reactions. Unlike mechanical and hydrodynamic retentions, adsorption does not depend 
on the flow. Adsorption will occur even when no fluid movement exists. 
SZABO (1975) performed studies with HPAM polymers, concluding that adsorption 
depends on the nature of polymer, the rock characteristics, polymer concentration and water 
salinity. The function that correlates polymer concentration with adsorption can be described by a 
Langmuir isothermal (Equation 2.5). In this notation, the term    is given as mass of polymer per 
mass of rock. 
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 Equation 2.5 
where   and   are Langmuir constants, that fit the adsorption curve. Constant   controls the 
curvature of the isotherm, while the ratio     determines the plateau value for adsorption. Figure 
2.5 shows examples of these curves. 
 
Figure 2.5 – Typical Langmuir isotherm shapes 
(LAKE, 1989) 
The pore size distribution in a formation may be wide, having big and small pores. The 
mechanical entrapment refers to polymer molecule blockage due to small pore throats in the rock. 
SZABO (1975) and GOGARTY (1967) studied mechanical entrapment for HPAM. According to 
GOGARTY (1967), the effective molecular size of HPAM is in the range of 0.5m to 1.5m. 
That means that pores must be larger to avoid plugging. 
Because of heterogeneities in porous media, preferential paths are created, and molecules 
can be entrapped in the smaller pores of these paths. The entrapped molecules will make the flow 
through those paths even more difficult, entrapping more molecules. This will totally block the 
path, forcing the polymer solution to flow through other paths. 
SZABO (1975) verified that for low surface area sands, the role of mechanical entrapment 
is more important than that of adsorption. Another important observation from his work was that 
in core samples, polymer in the produced water (polymer breakthrough) was found at 
considerable time after water breakthrough, indicating that retention can be partially reversible. 
Both mechanical entrapment and hydrodynamic retention occur only in the presence of 
fluid flow. The hydrodynamic retention happens because of vortexes or hydrodynamic trappings, 
37 
 
created with the fluid movement. According to SORBIE (1991), this effect is not 
comprehensively studied and not fully understood. It is known, however, that due to changes in 
the flow conditions, the retention rates also change. 
CHAUVETEAU and KOHLER (1974) show that an increase in the flow rate results in an 
increase in the hydrodynamic retention. A subsequent decrease in the flow rate reduces the 
retention. It is even possible that the concentration of polymers in produced water to be higher 
than those of injected water because of liberation of retained molecules. MAEKER (1973) 
examined the behavior of hydrodynamic retention for Xanthan gum and the observed results 
were very similar to those obtained for HPAM, indicating that the process is reversible. 
The velocity of polymer flow is different than that of water because of a combination of the 
effects of inaccessible pore volume and retention on the flow. The retardation factor,   , has an 
important physical meaning once it represents the percentage of the injected polymer that stays 
adsorbed in the rock. It is defined by Equation 2.6 (POPE, 1980). 
    
            
         
 Equation 2.6 
where:   = Retardation factor 
    = Polymer concentration 
   = Adsorbed polymer mass 
   = Porosity 
   = Mass density 
2.1.4. Inaccessible Pore Volume 
DAWSON and LANTZ (1972) have found experimentally that when the retention level is 
fully satisfied, polymer molecules are transported faster than inert tracer. The term inaccessible 
pore volume was first introduced because the interpretation was that the rock consisted of a broad 
pore size distribution and the large polymer molecules were unable to penetrate the smaller pores. 
Figure 2.6 shows the original experiments showing the inaccessible pore volume. 
An alternative explanation was proposed by DUDA (1981) and is based on wall exclusion 
effect. According to the author’s interpretation, polymer molecules aggregate in the center of the 
channel, causing the fluid near the walls to have lower viscosity than that in the center of the 
pores. Either one of the interpretations, however, leads to the same effect: the faster velocity of 
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the polymer solution. Inaccessible pore volumes can be up to 30% of the total pore space (LAKE, 
1989). 
 
Figure 2.6 – Two similar slugs are injected during the same period of time. A slug of polymer 
(left) is produced before a slug of an inert tracer (right) due to inaccessible pore volume effect 
(DAWSON and LANTZ, 1972) 
The velocity of polymer molecules in porous media depends on the combination of both 
retardation factor   , from Equation 2.6 and Inaccessible Pore Volume effects. Using the 
fractional flow theory, LAKE (1989) presents Equation 2.7 to calculate the velocity of polymer 
molecules.  
      
     
  
         
 Equation 2.7 
where   
  = Water saturation at polymer shock front 
      
   = Fractional flow of water in shock front 
    = Excluded pore volume for polymer molecules 
2.1.5. Dependence of viscosity with concentration 
The viscosity of a polymer solution depends strongly on the polymer concentration. There 
are different formulations that correlate polymer viscosity with solution concentration. Flory-
Huggins equation (FLORY, 1953), shown in Equation 2.8, is the one adopted by the chemical 
simulator developed by The University of Texas at Austin, UTCHEM (DELSHAD et al., 2008). 
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    Equation 2.8 
where    = Water viscosity 
   
  = Polymeric solution viscosity 
    = Polymer concentration 
      = Effective Salinity coefficient 
   = Slope of salinity dependence 
             = Fitting parameters for lab data. 
 
Another formulation is the one adopted by STARS (CMG STARS, 2016). Its simple form 
is presented by Equation 2.9. This equation can also be manipulated to fit laboratory data. 
 
  
      
  
    
        
        
  
    
           
Equation 2.9 
where    = Polymer Concentration 
      = Maximum polymer concentration 
   
  = Polymeric solution viscosity 
      = Solution viscosity at maximum polymer concentration 
    = Water viscosity 
 
Both formulations are similar, but Equation 2.8 already takes into account the effect of 
salinity, while Equation 2.9 needs an extra equation to consider it. 
2.1.6. Effect of Salinity 
The viscosity of a polymeric solution is very sensitive to salinity and hardness of the water. 
Hardness is the concentration of multivalent cations, usually Ca
2+
 and Mg
2+
, while salinity refers 
to the concentration of salt in the water, usually sodium chloride. Although salinity and hardness 
are different concepts, they can be treated as an effective salinity. 
The dependence of water viscosity on temperature and salinity was described by 
MATTHEWS and RUSSEL (1967), and can be seen in Figure 2.7.  
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Figure 2.7 – Water viscosity increases with salinity and decreases with temperature 
(Adapted from MATTHEWS and RUSSEL – 1967) 
 
The brine viscosity is important because the viscosity of the polymer solution depends on 
it. Both mathematical formulations used by CMG-STARS and UTCHEM consider the polymer 
viscosity dependence on brine viscosity. Note that Flory-Huggins equation (Equation 2.8) already 
considers the effect of salinity on polymer viscosity, while STARS formulation (Equation 2.9) 
needs an additional equation (Equation 2.10). 
 
          
  
     
    
 
  
 Equation 2.10 
 
where      = Polymer viscosity 
     
  = Polymeric solution viscosity with no salt 
       = Salt concentration 
      = Minimum salt concentration 
   = Slope of salinity dependence 
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The salinity slope and the minimum salt concentration are retrieved from laboratory data. 
Figure 2.8 shows an example of laboratory data for dependence of polymer viscosity with 
salinity. 
 
Figure 2.8– Polymer viscosity decreases with salinity 
(Adapted from LI – 2015) 
The adsorption also increases with the salinity. SMITH (1970) presents Figure 2.9 for 
laboratory experiments and shows that this increase can be more than one order of magnitude. 
 
Figure 2.9– Increase of adsorption with salinity can be more than as one order of magnitude 
(Adapted from SMITH– 1970) 
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The increase can also be considered in Langmuir isotherms representation, using. Equation 
2.11. The term   , explicit in Equation 2.12 shows the dependence on salinity. Both     and     
need to be positive, so the presence of salt always increases the adsorption, in accordance with 
Figure 2.9. 
 
           
         
           
  Equation 2.11 
where    = Polymer adsorption 
   = Overall polymer concentration 
       = Fitting parameters 
 
 
                  Equation 2.12 
where      = Effective salinity 
         = Fitting parameters 
2.1.7. Non-Newtonian behavior and injectivity correction 
The viscosity of polymeric solutions is typically non-Newtonian, that means it is a function 
of shear rate (or velocity). Several models in the literature treat the relationship between viscosity 
and shear rate (DELSHAD et al., 2008). STARS® represents the shear thinning effect with a 
variation of the power law model, given by Equation 2.13. 
 
          for            
           
  
       
 
   
for                    
        for            
Equation 2.13 
where:      = Apparent viscosity (cp) 
      = Polymer viscosity at zero shear rate (cp) 
    = Brine viscosity 
   = Shear-dependent slope 
    = Shear rate 
         = Minimum shear rate 
         = Maximum shear rate 
 n = Shear-dependent slope 
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The values of         and   are retrieved from laboratory data. Figure 2.10 shows an 
example of viscometer data. The value        is a fitting parameter for the equation, and   is the 
slope of the log-log plot of measured viscosity versus shear rate. Typical polymers for EOR do 
not experience the Newtonian region after        , because shear-rates do not achieve such value. 
The effective shear rate found in porous media differs from that found in viscometer. 
FORTENBERRY (2013) shows an experiment where polymer rheology differs between 
viscometer and core experiments because of this shear correction factor. Figure 2.10 illustrates 
the importance of this correction. 
CANELLA et al. (1988) presents the correlation for single phase flow in Equation 2.14. 
         
    
  
 
 
   
 
 
   
 Equation 2.14 
where:   = Shear correction factor 
   = Absolute permeability (mD) 
   = Shear-dependent slope 
       = Apparent shear rate 
   = Porosity 
 
 
Figure 2.10 - Rheology of typical polymer used for EOR. Viscosity is constant until a value of 
shear-rate (       ) and decreases with constant slope (   ) after this value. Rheology in 
rheometer and in core need a C-factor correction. 
(Adapted from FORTENBERRY – 2013) 
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Equation 2.14 can be generalized to multiphase flow, as shown in Equation 2.15 for phase 
  (CANELLA et al., 1988). 
         
  
          
 Equation 2.15 
       can be calculated by Equation 2.16. 
         
    
  
 
 
   
 Equation 2.16 
where:   = Correction factor 
   = Shear-dependent slope 
 
In reservoir simulation, the reservoir is discretized into grid blocks, which usually have low 
resolution in field cases. This helps to keep the simulation time manageable. Reservoir and fluid 
properties are calculated and averaged in these large grid blocks. In the injector block, the larger 
the block size, the lower the shear rate. 
LI and DELSHAD (2014) developed a semi-analytical model to calculate the correct near 
wellbore viscosity and therefore, the correct well block and wellbore pressures. The proposed 
model, however, needs to be implemented in the simulator code, making it unavailable for 
commercial simulators. In the same work, the authors suggested that a local grid refinement 
around the wellbore can approach the simulator solution to the real wellbore pressure. 
Another approach is to use the skin factor in PEACEMAN (1983) well equation. LI (2015) 
proposed a method that is applicable to any rheological models (which reduces to Equation 2.17 
when applied for power-law fluids), and STARS ® manual proposed another equation that is 
focused on power law fluids (Equation 2.18). Both of them are based on considering the non-
Newtonian behavior of the fluid in the derivation of pressure equation. Details on the derivation 
of these equations can be found in APPENDIX A. 
 
     
 
   
  
  
  
  
 
   
  
    
  
 
   
    
  
  
 Equation 2.17 
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where:   = Power-law slope for shear-thinning 
   
   = Peaceman equivalent radius (Equation A.17) 
    = Areal equivalent radius (Equation A.18) 
      = Average well radius (Equation A.16) 
     = Skin factor for Li (2015) approach 
 
      
 
   
    
  
  
 
   
    
  
  
 Equation 2.18 
where:   = Power-law slope for shear-thinning 
    = Peaceman equivalent radius (Equation A.8) 
    = Well radius 
      = Skin factor for CMG approach 
 
Equation 2.17 and Equation 2.18 present calculations for skin factor which correct the 
injectivity computed in coarse grid simulations. Both of them are derived considering wells 
completed in only one grid block. They can be used for any direction by changing the directions 
used to calculate the radius. Both of them can also be extended to multi-completed wells, by 
substituting the block size by total well length. 
As polymer solution viscosity is usually higher than water viscosity, the injection rate 
needs to be reduced, otherwise pressure will increase. Usually, in order to maintain the water 
injection rates, some operators inject polymer at pressures above the fracture gradient to 
hydraulically induce fractures and increase the injectivity of the well (LEE et al., 2011). 
2.1.8. Anomalous Permeability Reduction 
When water is injected into a clean core a pressure differential is required to overcome the 
original permeability effect. After this water slug, a polymer slug is injected in the same core, and 
molecules are adsorbed on the pore walls, reducing core permeability. As adsorption is mainly 
irreversible, the adsorbed molecules (and thus, the permeability reduction) are maintained in the 
rock. Subsequent water slugs will require larger pressure differentials to flow in the rock, due to 
the reduced permeability of the rock. 
In most cases, only the aqueous phase contains adsorbing components, and because of that, 
it is the only phase to be impaired by permeability reduction. 
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GRATTONI et al. (2004) explains that for water-wet systems, the adsorbed layer will 
reduce the space where water should flow, but will not interfere in the space for the oil flow. In 
this way, relative permeability to water decreases with an increase in the thickness of adsorbed 
layer, while relative permeability to oil remains unchanged. 
CARPITA (2006) develops a model based on the Corey coefficients for these changes. 
Figure 2.11 shows how the relative permeability changes, for different adsorbed layer 
thicknesses.  
 
Figure 2.11– Adsorbed layer thickness decreases region available for water flow, and thus, water 
relative permeability 
(CARPITA, 2006) 
The residual resistance factor RRF is defined as Equation 2.19. 
     
   
   
 
      
      
 Equation 2.19 
where:     = Residual Resistance Factor 
     = Water mobility in water injection before polymer flooding 
     = Water mobility in water injection after polymer flooding 
     = Water permeability before polymer flooding 
     = Water permeability after polymer flooding 
     = Water viscosity before polymer flooding 
     = Water viscosity after polymer flooding 
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ZAMPIERI (2012) studied the residual resistance factor for sandsones in high permeability 
cores. The author found the value of 1.6 for RRF, using Equation 2.20 to calculate it. 
     
        
        
 Equation 2.20 
where:     = Residual Resistance Factor 
    = Pressure gradient 
   = Water rate 
 
Using the value of RRF, it is possible to calculate the reduction factor, with Equation 2.21. 
               
  
     
 Equation 2.21 
where:     = Permeability reduction factor 
     = Residual resistance factor 
    = Adsorption level 
       = Maximum adsorption level 
 
The reduced permeability is calculated by Equation 2.22. 
          
            
   
 Equation 2.22 
 
where:        = Reduced permeability 
    = Relative permeability 
           = Original permeability 
     = Permeability reduction factor 
2.1.9. Molecular Degradation 
The long molecular chains in polymers can be broken, thus reducing average polymer 
molecular weight and its viscosity. Several mechanisms can lead to polymer degradation, such as 
chemical, thermal, mechanical and biological. 
Chemical degradation refers to the molecule cracking due to chemical agents. Monovalent 
cations, such as Na
+
 and K
+
 decrease the viscosity of polymer solution. Divalent cations, such as 
Ca
2+
 and Mg
2+
 influence more strongly in HPAM viscosity and stability. The effect of Ca
2+
 is 
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stronger than the Mg
2+
.As Fe
2+
 is present in the formation brines, the introduction of oxygen may 
oxidize the iron cation to Fe
3+
, which influences both HPAM and Xanthan. 
Regarding to thermal degradation, DAVISON and MENTZER (1982) have evaluated 
several types of polymers, looking for its stability under high temperatures. The polymer 
solutions were set to 90
o
 C for 500 days, and the solution viscosity was measured later, at room 
temperature. The polymers were classified as polyacrylamides (PAAm), polyvinylpyrrolidones 
(PVP), hydroxyethylcellulose (HEC), cellulose sulphate ester (CSE), guar gums, xanthan, and 
Scleroglucans (glucan). Figure 2.12 shows that PAAm (or HPAM) does not have good viscosity 
retention, while Xanthan presents a good degree of viscosity retention. 
 
Figure 2.12– Seawater viscosification and viscosity retention for different polymer types 
(DAVISON and MENTZER, 1982) 
 
SERIGHT et al. (2009) performed further studies with HPAM polymers for these are 
highly sensitive to the presence of divalent cations and oxygen. Depending on brine 
characteristics, polymer can precipitate at temperatures as low as 60
o
 C. According to the author, 
however, if both conditions are suppressed, HPAM can be stable up to 180
o
 C. In the absence of 
oxygen and divalent cations, HPAM can maintain its original viscosity up to 7 years at 100
o
 C 
and 2 years at 120
o
 C.  
Polymer molecules can suffer mechanical degradation due to high pressure gradients 
applied in the fluid. The pressure gradient break occurs specially during the mixture of polymer 
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solution inside the tanks, the transportation inside the pipes, due to the pumps, and during the 
injection. In all those cases, the pressure is elevated, what can result in molecular cracking. 
SORBIE (1991) shows that Xanthan is not much susceptible to mechanical degradation, 
while HPAM is very sensitive to this effect. Even for small velocities HPAM suffers from 
mechanical degradation, while for Xanthan, the velocity is much higher. 
ZAITOUN et al. (2012) performed experiments with a large number of polymers. Their 
conclusions can be explained in terms of polymer chain flexibility. The data show that that the 
degree of mechanical degradation always increases with shear rate. It can be seen, however, that 
for Xanthan, whose molecule has a semi-rigid rod-like structure, the degree of mechanical 
degradation is much smaller.  
It is important to notice that once the polymer is degraded, the original viscosity will never 
return. It happens because the viscosity depends on the size of the molecular chain. For HPAM, 
sensitivity to shear stress increases with molecular weight and salinity. After mechanical 
degradation, the viscosity of a very high polymer molecular weight may be much lower than for a 
lower molecular weight polymer, as can be seen in Figure 2.13. 
 
Figure 2.13– Degree of mechanical degradation (DR) versus shear rate 
(ZAITOUN, 2012) 
 
Polymer biological degradation can occur both in the surface, because of aerobic bacteria, 
and in sub-surface, due to anaerobic species. Some biocide must be added to the solution to 
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minimize the effect of biological degradation. O´LEARY et al. (1987) show that the most 
common type of biocide for this sort of application is the formaldehyde (HCHO), diluted in 
aqueous solution, from 500 to 5000 ppm. 
Each of the previously discussed degradation type can be modeled and studied separately. 
Degradation is, however, a property which must be studied prior to the injection, and be avoided 
by the choice of the correct polymer for each environment. A simple way to consider degradation 
as a whole is to model it as a first order chemical reaction, where polymer molecules are turned 
into water (to ensure the material balance). 
This type of reaction considers that the rate of concentration decay is a linear function of 
the concentration, as shown by Equation 2.23. 
         
   
  
 Equation 2.23 
where:   = Polymer concentration 
    = Reaction constant 
   = Time 
 
The concentration of the substance for a given period of time can be obtained by direct 
integration of Equation 2.23, and can be expressed by Equation 2.24. 
       
      Equation 2.24 
The half-life time is defined as the period of time where concentration reaches half of its 
initial value. In this case, the constant factor    is expressed by Equation 2.25. 
    
   
    
 Equation 2.25 
The stoichiometric coefficients for a general chemical reaction are represented in  
Equation 2.26. 
           
  
   
           
  
   
 Equation 2.26 
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For the specific case of polymer molecule degrading into water, the reaction is described by 
Equation 2.27 to Equation 2.28. 
 
                          Equation 2.27 
 
            
     
       
  Equation 2.28 
 
The stoichiometric coefficient for the reacting component (polymer) is usually taken as 
unity. If the calculations are being made in mass basis, it is important to note that the coefficient 
for the product component should also be taken as unity. If molar basis is considered,  
Equation 2.28 should be used. 
2.2. Economic Concepts 
One of the most important goals in petroleum industry is to maximize the recovery and 
revenues. Under this perspective, the economic concepts are as important as the physical ones. In 
this section, some of those concepts are discussed. 
2.2.1. Net Present Value 
One of the most important indicators to compare economic results from different projects is 
the net present value. NPV consists of bringing every revenue and costs expected in the project 
life time to the present value through a discount rate.  
RAVAGNANI (2008) explains the main expenses and revenues expected in an oil 
exploration and production project. Figure 2.14 synthesizes a typical cash flow for this kind of 
project. 
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Figure 2.14 – Typical cash flow for an E&P project (RAVAGNANI, 2008) 
 
NPV is calculated using Equation 2.29: 
      
   
       
 
   
 Equation 2.29 
 
where:     = Net present value 
   = Interest or discount rate 
     = Cash flow 
   = Time period 
2.2.2. Production Strategy Selection 
Production strategy selection is an important step to ensure that the objective function 
(usually NPV) is maximized, according to the decision maker business strategy. 
One approach for production strategy selection is dividing the optimization variables into 
two main groups (GASPAR et al., 2016). Design variables (G1), are related to the decisions that 
need to be taken before the field starts to be developed. Examples of design variables are number 
and position of wells, type and capacity of platform and drilling schedule. The other group of 
variables (G2) comprehends control variables, which are related to the field management, and 
can be changed during field operation. Examples of control variables are production and injection 
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rates for fluids, bottom-hole pressures, economic limit to shut-in producers and, in the specific 
case of polymers, slug size and polymer concentration. 
PEDROSO and SCHIOZER (2010) propose an algorithm to determine the optimal quantity 
of wells in a field. In this methodology, are allocated, in the beginning, a very high number of 
wells, distributed all over the field. The field is, then, simulated, and the NPV is calculated. 
After that, one of the wells is removed, the field simulated and the new NPV calculated. If 
this new NPV is larger than the previous value, it is concluded that contribution of one well 
removal to NPV was negative, it is then should be removed. The process is repeated until only 
the best wells are maintained. The proposed methodology allows not only determining an 
approximated number of wells for the field, but its approximated optimal position. It is necessary, 
however, a high number of simulations, which can take a very long time. 
BOTECHIA (2012) proposes that an approximate number of wells can be estimated, using 
the volume of original oil in place, recovery factor, and the production of a single well. The 
recovery factor is estimated by correlations, or by comparison with similar fields. Some 
producing wells are placed in random positions, and the field is simulated. The average 
production of each well is used as the production of a single well. The number of producers can 
be calculated using Equation 2.30. 
 
       
        
   
 Equation 2.30 
 
where:       = Number of producer wells;  
      = Volume of oil in place; 
     = Oil recovery factor; 
     = Oil production of a single well. 
 
The use of Equation 2.30 does not bring information about the best positions of wells. The 
wells must be placed manually and optimized in the sequence. The author, however, introduces 
the importance of the use of economic indicator for producer and injector wells, as means of 
performance comparison. 
After the use of any of the methods, it is necessary to optimize the wells operational 
parameters, and perform a fine adjustment for the well position, which can be made using some 
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assisted method, using some automated tool, in order to test a high number of scenarios, and 
maximize (or minimize) the objective function.  
2.2.3. Decision Analysis 
SCHIOZER et al. (2015) present a 12-step methodology (Figure 2.15) to perform risk and 
decision analysis. It is divided in three main groups: model construction (green steps), 
assimilation of past data, such as history matching and 4D seismic (red steps) and production 
forecast and decision analysis (blue steps). A brief description of each step is shown below. 
1. Reservoir characterization under uncertainties: in this step all important 
uncertainties must be assessed. Usually for this type of project, these uncertainties 
are related to reservoir, fluid, economic and operational parameters. 
2. Build and calibrate the simulation model: in this step a simulation case is created 
and calibrated to ensure that the physics of the problem are properly represented. It 
is usually considered the base case. 
3. Verify inconsistences of Base Case with well dynamic data: this step is very 
important to assure that production history is being represented by the model in a 
satisfactory way. Procedures for history matching can be used in this step. 
4. Scenarios generation considering all possible scenarios: in this step all the 
considered uncertainties are statistically combined to generate a large number of 
simulation files, considering the uncertainties. 
5. Reduction of scenarios with dynamic data: simulation of all files generated in 
previous step allows selecting those which better fit the production history. Base 
case can be changed in this step, to improve the representative. 
6. Selection of deterministic production strategy for Base Case: in this step a 
production strategy is selected for base case. 
7. First estimative of risk curve: in this step the production strategy selected for the 
base case in step 6 is applied to all scenarios approved by step 5. This curve is used 
in many cases to make the decision, but application of present methodology shows 
that the final risk curve can be very different. 
8. Selection of Representative Models (RM): based on the initial risk curve and cross-
plots, some models are selected to represent all variation of uncertainties. 
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9. Selection of production strategy for each RM: Step 6 is repeated for each 
representative model, selecting different production strategy for each one. 
10. Selection of production strategy under uncertainty. In this step economic and other 
uncertainties are added in the analysis.  
11. Identification of potential for change: in this step advanced techniques can be 
evaluated to improve final strategy. Chance of success, value of information and 
value of flexibility are tools that help the decision for this potential change. 
12. Final risk curve: risk curves for all representative models are plotted and analyzed 
to decide which strategy works better for all scenarios. Figure 2.16 shows an 
example of final risk curve. Another way to visualize the risk curves is the use of 
Risk x Return curves, shown in Figure 2.17. 
The 12-step methodology allows the risk curve to be analyzed for a wider range of 
scenarios, where the uncertainties can be taken into account. The strategy selected using the 
proposed procedure is more reliable. Also the comparison of risk curves allows verifying which 
strategies work better for all range of uncertainties. 
 
 
Figure 2.15 – Twelve steps methodology for decision analysis (SCHIOZER et al., 2015). 
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Figure 2.16 – Risk curves generated by application of different strategies in several uncertain 
scenarios, to verify which strategy is better under the uncertainties (SCHIOZER et al., 2015) 
 
 
Figure 2.17 – Example of risk x return curve, where risk indicator is plotted in the abscissae and 
the return in the ordinates. (BOTECHIA et al., 2016) 
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3. METHODOLOGY 
In this chapter, the general methodology is presented and detailed. 
3.1. General Methodology 
The first step of the general methodology, presented in Figure 3.1, consists of the creation 
of field and polymer models. Field model contains the reservoir information and polymer model 
consists of selecting values for representing the polymer flooding properties. Data to construct 
the models can be extracted from literature or laboratory data and should mathematically 
represent the property. Details of these data are shown in Chapter 4 and Appendix B. 
With field and polymer models it is possible to verify the impact of polymer properties in 
field indicators (Section 3.1.1), the impact of polymer properties on production strategy selection 
(Section 3.1.2) and probabilistic analysis and risk curve comparisons (Section 3.1.3). 
An initial optimization for water and polymer flooding is performed, to make performance 
comparisons between both techniques. 
 
Figure 3.1 – General methodology consists of the creation of field and polymer model, with 
subsequent verification of impact of polymer properties on field indicators, on production 
strategy selection and final probabilistic analysis with risk curve comparisons. 
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3.1.1. Impacts of Polymer Properties on Field Indicators 
The field and polymer models are used to verify the impact of each polymer property on 
the liquid rates and net present value for the field. This is achieved by varying the values from the 
base case and estimating its impact on the selected indicators.  
The physical and mathematical descriptions of each property detailed in Chapter 2, are 
simulated in simplified 1D, 2D and 3D models to verify consistency of model and theories. This 
stage is important to make sure that each property is properly represented by the simulator. 
Once the representation of properties in the simulator proves to be correct, it is possible to 
test its effect on field cases with confidence that results are representative. Figure 3.2 illustrates 
this stage of process. Results are detailed in Chapter 5. 
 
Figure 3.2– To study the impact of polymer properties on field indicators with confidence is 
important to understand the physical and mathematical description of each property and 
understand how simulator represents each of them using simplified 1D, 2D and 3D cases 
3.1.2. Impact of Polymer Properties on Production Strategy Selection 
The impact of polymer properties on production strategy selection consists of the 
optimization of the field (1) for water flooding, (2) for an ideal polymer model (where only 
viscosifying effect is considered) and (3) for each of the most influencing properties, found in 
previous step (Section 3.1.1). The optimization variables are divided into two groups: G1 for 
design variables and G2 for control variables (GASPAR et al., 2016) as shown in Figure 3.3.  
Physical and 
Mathematical 
Description 
Simplified 1D, 2D and 
3D cases 
Field cases 
59 
 
 
Figure 3.3– Optimization for water (G1-W and G2-W), ideal polymer (G1-IP and G2-IP) and 
polymer with property   (G1-<Property_  > and G2-<Property_  >, where <Property_  > is the 
name of the considered polymer property) 
 
The control variables for ideal polymer model (G2-IP) are re-optimized to consider of each 
property and allow quantifying the impact of the property on the optimized strategy. Also gives 
an indication on how the uncertainty of each parameter can be assessed by changing the control 
variables. Figure 3.4 shows the process. 
 
 
Figure 3.4 – Generation of strategies considering G1 for ideal polymer (G1-IP) and each selected 
property. G2 must be re-optimized when the property is considered 
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A comparison between the strategies selected by the processes described in Figure 3.3 and 
in Figure 3.4 allows the quantification of impact of the studied property on the selected 
production strategy. It also allows quantifying the need of considering the property during G1 
selection. Results of this step are detailed in Chapter 6. 
3.1.3. Probabilistic Analysis and Risk Curve Comparisons 
Probabilistic analysis and risk curve are based on a simplification of the 12 steps 
methodology for decision analysis, introduced by SCHIOZER et al. (2015). Several geological 
scenarios are created and uncertainties are statistically combined. Each strategy found in the 
previous steps is simulated for all scenarios.  
The risk curves for each field indicator are then compared to those found for water and for 
ideal polymer flooding. Comparisons regarding to the influence of the selected polymer property 
are performed for a broader range of geological realizations, allowing more generalized 
conclusions about the impact of each property on the strategy selection and field performance. 
In order to quantify the impact that each level for each uncertain attribute has in the result, 
the indicator Normalized Average Impact has been created. This indicator ranges from zero to 
one, and has the meaning of how close the results generated from a given level of attribute are to 
the left, center or right of the curve. It is calculated using Equation 3.1. 
 
     
                  
                 
 Equation 3.1 
where      = Normalized Average Impact 
          = Maximum value of the series 
          = Minimum value of the series 
 
To verify if a given property influences strongly the results, it is defined the Attribute 
Coefficient of Impact (ACI), calculated as the standard deviation of NAIs. When ACI is small, it 
means that all levels generate a wide range of results, having NAI values near 50%. In these 
cases, the variation of the parameter does not reflect strongly in the results. In other hand, higher 
values of ACI mean that each level generated result concentrated in a region of the curve, 
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reflecting in very different NAIs. Maximum theoretical value of ACI for an attribute with five 
levels is 0.2635. It is calculated using Equation 3.2. 
 
      
 
       
                             
                       
 
       
   
          Equation 3.2 
where      = Attribute Coefficient of Impact 
        = Average of NAIs 
         = Number of levels 
 
An example of curve is shown in Figure 3.5. It is possible to observe that each level 
generated result concentrated in different regions of the graphic. 
 
 
Figure 3.5 – Risk curve with indication of values generated by each level. It is possible to 
observe in this case that each level of the uncertain attribute generated values for different 
regions of the risk curve. 
Calculating NAI for this curve, the values obtained are presented in Table 3.1. It is possible 
to verify that NAI values are well spaced, and the value of ACI is relatively large. With this it is 
possible to conclude that this attribute strongly impacts the results presented in the risk curve. 
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Table 3.1 – Calculation of NAI and ACI for the risk curve from Figure 3.5 
Level NAI 
1 0,22 
2 0,36 
3 0,46 
4 0,58 
5 0,72 
ACI 0,19 
 
Figure 3.6 brings a different case to illustrate a case where the impact of the attribute is not 
significant. It is possible to observe that all levels generate results in the whole range of the risk 
curve. 
 
 
Figure 3.6 – Risk curve with indication of values generated by each level. It is possible to 
observe in this case that all levels generate results distributed in the whole range of the risk curve. 
 
Calculation of NAI for this case is shown in Table 3.2. All levels resulted in similar values 
of NAI because, as observed in Figure 3.6, results generated by these levels did not generate 
concentrated results in the risk curve. ACI is small, meaning that variation in this attribute does 
not impact strongly the objective function in risk curve. 
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Table 3.2 – Calculation of NAI and ACI for the risk curve from Figure 3.6 
Level NAI 
1 0,45 
2 0,46 
3 0,49 
4 0,45 
5 0,50 
ACI 0,02 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.7 – Each strategy selected in the previous step is simulated in a wide range of scenarios 
to create risk curves for each indicator. 
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More details on the probabilistic optimization process can be found in the work of 
SCHIOZER et al. (2015). Figure 3.7 gives a simplified illustration of this process. Results of 
present step are detailed in Chapter 7. 
3.2. Optimization Methodology 
All the optimizations in the thesis have followed the process described in Figure 3.8. It is 
an adaptation of the methodology proposed by GASPAR et al. (2016) and consists in dividing 
the variables into two groups. 
 
 G1- Design variables: variables which need to be decided before the project starts 
and cannot be changed during the production life of the field. Examples of design 
variables are position and number of wells and drilling / opening wells schedule. 
 G2 – Control variables: variables related to the daily management of the field. The 
value of these variables can be changed during the field production life. Examples 
of control variables are liquid rates, pressures and injected polymer mass. 
 
Main groups (G1 and G2) can be also subdivided into smaller groups. The present thesis 
proposes the subdivisions shown in Figure 3.8. Design variables optimization, G1, is subdivided 
into an initial estimation for wells position, followed by an optimization on drilling schedule and 
finally a refinement on well position. Control variables optimization, G2, is subdivided in 
optimization for bottom-hole pressures for each well and subsequent optimization of economic 
limit of water cut to shut in producers. For the case of strategies involving polymers, two 
additional steps are required: optimization of polymer slug (start and duration) and optimization 
of polymer concentration. 
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Figure 3.8 – General optimization is divided in two main groups, G1 and G2. Each group is 
subdivided into smaller optimization steps. 
3.2.1. Initial Well Position and Well Position Refinement 
The initial well position and well position refinement processes were adapted from the 
methodology proposed by LAMAS (2014), and follow the same basic steps, shown in  
Figure 3.9. The field is initially populated with a large amount of wells and the field economic 
indicator (FEI, Equation 3.3) is calculated. Producer well economic indicator (PWEI, Equation 
3.4) and injector well economic indicator (IWEI, Equation 3.5) are calculated for each well, to 
rank them in order of importance. The wells are allowed to move in I, J and K directions and 
allowed to be opened or closed. The case where the highest value of FEI is obtained keeps stored 
in the simulation file. 
      
   
       
 
   
 Equation 3.3 
where:     = Field economic indicator 
   = Interest or discount rate 
     = Cash flow 
   = Time period 
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 Equation 3.4 
where: PWEI = Producer Well Economic Indicator 
    = Oil revenue 
    = Cost for oil production 
    = Cost for water production 
         = Initial investment in the well 
   = Interest or discount rate 
   = Time period 
       
                 
       
 
   
 Equation 3.5 
where:  IWEI = Injector well economic indicator 
      = Cost for water injection 
      = Cost of polymers processing and injection 
         = Initial investment in the well 
   = Interest or discount rate 
   = Time period 
As the well position refinement is performed after the selection of the opening schedule, the 
economic indicator is the net present value, NPV, instead of FEI. It is worth to note that although 
both indicators are calculated using the same equation, they have different meaning. FEI is used 
for comparison purposes only, once it is not possible to drill and open all wells at the same time. 
Because of that, NPV is a more realistic indicator. 
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Figure 3.9 – Initial well position and well position refinement processes 
3.2.2. Drilling Schedule Optimization 
The process of drilling and completing a well takes time, making it very important to 
consider the opening schedule. 
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The process developed for optimizing the drilling schedule assumes that the drilling and 
completion time is fixed, and lasts one month. It consists of changing the well opened in a month 
N and keep the wells that still do not have a fixed opening date, in month N+1. All months before 
N are already populated. 
The higher NPV achieved in each test will determine which well must be kept in the 
determined month. Figure 3.10 shows this process. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.10 – Drilling schedule optimization process 
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3.2.3. Bottom Hole Pressure, Water-cut and Polymer Concentration 
For the optimization of bottom-hole pressure, economic limit of water cut to shut in a 
producer and polymer concentration, the use of an automated tool such as CMG-CMOST® is 
required. It is necessary to test variations for these parameters to maximize the objective function, 
taken in the present work as the net present value. 
The variation of bottom-hole pressure is directly related with variation in fluid rates and 
because of that, the optimization of only one bottom-hole pressure finds the optimal operation 
value, with fewer variables involved. 
The economic limit of water cut to shut producer in refers to the value of water-cut where it 
is no longer economical to keep the producer opened. In this case, the well must shut-in. 
It is assumed that different injectors can work with different polymer concentrations. That 
means that it is assumed that the facilities already have the equipment to mix and dilute polymer 
solution. 
3.2.4. Polymer Slug Size Optimization 
In the polymer slug size optimization, the process must search for the best start and finish 
date for the polymer bank. It is assumed that the project starts with a water pre-flood, followed by 
one polymer slug, and water flooding during the rest of the field life. 
The algorithm, developed in the present work to optimize the slug size, creates simulation 
files for different start dates and varies also the duration of the slug. This process changes the 
amount of injected polymer indirectly, once variations on the geology or other parameters can 
make the amount of polymer to be different for the same injection timing. The objective of this 
step is, however, find the best NPV, and if necessary, it is possible to fix the amount of polymer 
in the next steps. Figure 3.11 shows this process. 
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Figure 3.11 – Polymer Slug Size Optimization 
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4. APPLICATION 
In this chapter the reservoir, polymer and economic models used in the work are presented. 
Values presented here are the base case and variations were allowed during the tests, to verify 
their influence on the results. 
4.1. Simplified Cases 
To study the impact of polymer properties on field indicators, some simplified models were 
developed. Details on these models are described in the sequence. 
4.1.1. 1D Case 
The 1D case consists of a one-dimensional reservoir, with 100 grid blocks in the I 
direction, each block volume of 100 m
3
. Porosity and permeability were 30% and 1000 mD 
respectively. Rock compressibility was neglected so that the pore volume was kept constant at 
3000 m
3
. Viscosities were taken as 0.5 cP for water, 10 cP for polymer (at 1500 PPM), and 100 
cP for oil. 
4.1.2. 5 Spot Case 
The 5 spot model consists of an 11 x 11 cells bi-dimensional grid. Each block measures  
10 x 10 x 10 meters. Permeability in I and J direction was 1000 mD, and in K direction, 100 mD. 
Porosity was 30%. Viscosities were 0.5 cP for water, 10 cP for polymer (at 1500 PPM), and 100 
cP for oil. 
To study the injectivity correction, a local grid refinement was done in the injector block. 
Figure 4.1 shows the grid and the local refinement. 
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Figure 4.1 – Original (left) and refined (right) grid for 5-Spot model 
4.1.3. 3D Horizontal Wells Case 
The 3D horizontal wells case consists of a set of 2 horizontal wells, as shown in Figure 4.2. 
It consists of an 11 x 11 x 11 grid, with block sizes of 80 x 80 x 5 meters. Horizontal 
permeability was 1000 mD and vertical, 100 mD. Porosity was 30%, and fluid was the same used 
in 1D and 5-Spot cases. 
 
 
Figure 4.2 – 3D Horizontal wells case 
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4.2. Reservoir Model 
A field model has been created based on characteristics of a target field in Brazil and 
named as ST004. This section presents the main information related to ST004 model (Table 4.1). 
Figure 4.3 shows a view of the reservoir grid top. Figure 4.5 shows the permeability maps in I 
and J direction for each layer. Figure 4.6 shows histogram for porosities in the reservoir. 
Table 4.1 – ST004 Reservoir data 
Grid blocks (I,J,K) 37 x 48 x 19 
Active Blocks 28998 
Average grid blocks Size (m) 120 x 80 x 5 
Reservoir dimensions (I,J,K) (m) 
4440 x 3840 x 80 
Permeability (mD) 0 to 3200 (mean 1560) 
Dykstra-Parsons coefficient 0.3898 
Porosity (%) 1.2 to 31 (mean 20) 
Temperature (
o
C) 81 
 
 
Figure 4.3 – ST004 grid top (m) 
 
Figure 4.4 shows the histogram of permeability in I, J and K directions. 
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Figure 4.4 – Histogram for permeability in I and J (left) and K (right) directions 
 
 
Figure 4.5– Spatial distribution for permeability in I and J directions (mD) 
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Figure 4.6 – Histogram of porosities 
 
 
Figure 4.7 – Spatial distribution for porosity (%) 
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Pressure is initialized using the vertical equilibrium approach, with a value of 31783 kPa at 
the depth of 3075 m. Water-oil contact is at the depth of 3168 m. Figure 4.8 shows a cross-
section of the reservoir, where it is possible to observe the distributions of pressure and water 
saturation through the depth of the reservoir. 
 
 
Figure 4.8 – Cross-section of the reservoir showing pressure (left) and water saturation (right) 
after the vertical equilibrium. 
Figure 4.9 shows the initial spatial distribution of the pressures. 
Pressure (kPa) Initial water saturation 
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Figure 4.9 – Spatial distribution for initial pressure (kPa) 
 
The vertical equilibrium resulted in a water saturation distribution as shown by Figure 4.10. 
Relative permeability curves have been generated using Corey correlation. Table 4.2 shows 
the assumed values. Figure 4.11 shows the relative permeability curves for both water-oil and 
liquid-gas systems. This is a typical curve for mixed wettability system. 
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Figure 4.10–Spatial distribution for initial water saturation (%) 
Table 4.2 – Relative permeability parameters 
Parameter Value 
Irreducible water saturation,     0.25 
Residual oil saturation,     0.24 
Residual gas saturation,     0.00 
Maximum water relative permeability,        0.15 
Maximum oil relative permeability,        0.6 
Maximum gas relative permeability,        0.6 
Corey exponent for water,    3 
Corey exponent for oil,    3 
Corey exponent for gas,    3 
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Figure 4.11 – Relative permeability curves for ST004 
Oil bubble pressure is 11870 kPa, and the pressure remains above this value to avoid free 
gas inside the reservoir. Gas-oil rate is low, reaching a maximum value of 26 m
3
/m
3
STD. It is 
assumed that the produced gas is entirely consumed in the production facility, therefore, gas 
profits are not considered in NPV calculation. 
Oil viscosity is a function of pressure according to Figure 4.12. In the operating region of 
the reservoir, however, it presents values from 100 to 130 cP. 
 
Figure 4.12 – Oil viscosity variation with pressure 
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The reservoir has, initially, four drilled producers and one injector. The optimization 
process keeps these wells active, but values of its operational constraints are allowed to change. 
Figure 4.13 shows the locations of the producers (in layer 1) and injector (in layer 15). No history 
data is available for these wells. 
 
 
Figure 4.13 – Position of pre-drilled producers (left, Layer 1) and injector (right, layer 15) 
4.3. Polymer Model 
The synthetic polymer model used in this work was based in information from literature  
(LI – 2015, LAMAS – 2012, BOTECHIA – 2016, ZAMPIERI – 2012). It was considered an 
HPAM polymer, because this is the most common polymer type used for these kinds of projects 
(STANDNES and SKJEVRAK, 2014).  
Dependence of polymer viscosity on concentration, shear rate and salinity are retrieved in 
laboratory directly from solution, using rheometer. Adsorption and permeability reduction 
demand core flooding experiments. More detail can be found in APPENDIX B. Viscosity 
variation with concentration is shown by Table 4.3 and Figure 4.14. 
Polymer solution presents shear-thinning behavior. Table 4.4 and Figure 4.15 show the 
dependence of viscosity with the shear rate, for a concentration of 1500 PPM. 
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Table 4.3 – Viscosity versus polymer concentration 
Polymer 
concentration (ppm) 
Viscosity 
(cP) 
0 0,5 
500 1,32 
1000 3,78 
1500 10,00 
 
 
Figure 4.14 – Viscosity versus polymer concentration 
 
Table 4.4– Viscosity versus shear rate 
Shear rate 
(day
-1
) 
Viscosity 
(cP) 
864 10 
1861 10 
4010 9.9998 
8640 9.9992 
18614 9.9963 
40103 9.9831 
86400 9.924 
186143 9.6912 
401033 9.0494 
864000 8.0302 
1861431 6.9581 
4010333 5.9991 
8639999 5.1773 
18614314 4.4797 
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40103324 3.8889 
86399995 3.3888 
 
 
Figure 4.15– Viscosity versus Shear Rate 
 
Viscosity of polymer depends also on salinity. Table 4.5 and Figure 4.16 show the 
dependence of polymer viscosity with added salinity. 
 
Table 4.5– Viscosity versus Added Salinity 
Added NaCl 
(wt%) 
     
(cp) 
1.00 10.33 
2.00 7.28 
3.00 6.36 
4.00 5.87 
5.00 5.54 
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Figure 4.16 – Viscosity versus Added Salinity 
 
Table 4.6 – Base value, variations and probability for each property 
Property Base 
Value 
Level 1 Level 2 Level 3 Level 4 Level 5 
Value Prob Value Prob Value Prob Value Prob Value Prob 
Adsorption (ug/g) 50 0 20% 25 20% 50 20% 75 20% 100 20% 
Accessible Pore 
Volume (%) 
90 80 33% 90 33% 100 33% - - - - 
Shear Thinning 
Slope 
0.8 0.6 20% 0.7 20% 0.8 20% 0.9 20% 1 20% 
Shear Thinning 
Minimum shear 
rate 
2.50E+05 2.50E+04 33% 2.50E+05 33% 2.50E+06 33% - - - - 
Added Salt 5% 0% 20% 2.50% 20% 5% 20% 7.50% 20% 10% 20% 
Permeability 
reduction 
2 1 33% 2 33% 3 33%   - - 
Degradation half-
life (days) 
540 days 180 20% 360 20% 540 20% 720 20% No 
degrad 
20% 
Oil Viscosity (cp) 124 112 33% 124 33% 137 33% - - - - 
Compressibility 
(1/kpa) 
6.50E-07 3.25E-07 33% 6.50E-07 33% 9.75E-07 33% - - - - 
 
Adsorption was considered to have a default value of 50 g/grock. Such value was obtained 
in a core flood by mass balance of injected and produced polymer concentration.  
Permeability reduction was considered to reach a maximum value of 2, based on the value 
of 1.6, reported by ZAMPIERI (2012). 
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Degradation was considered to have a half life time of 540 days based on a combination of 
effects of all mechanisms of degradation. 
Table 4.6 summarizes the values of parameters and the base value considered for each 
property. 
4.4. Economic Parameters 
Economic data used for the calculations of producer well economic index (PWEI), injector 
well economic index (IWEI), field economic index (FEI) and net present value (NPV) are shown 
in Table 4.7. These values were chosen because they are equivalent to those practiced by the oil 
industry. 
 
Table 4.7 – Economic data for PWEI, IWEI, FEI and NPV 
Initial Investments 100 MM US$ 
Interest Rate 9% per year 
Polymer Costs US$ 6,00 per kg 
Oil Price US$ 40,00 per bbl 
Oil Production Cost US$ 15,00 per bbl 
Water Handling Cost US$ 1,00 per bbl 
Water Injection Costs US$ 1,00 per bbl 
Well Drilling Cost 80 MM US$ per well 
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5. IMPACTS OF POLYMER PROPERTIES ON FIELD 
INDICATORS 
In the present chapter, the representations of retention and reversibility, inaccessible pore 
volume, dependence of viscosity on concentration, permeability reduction, rheology and 
degradation are presented. These properties were tested in simplified cases and applied to a 
synthetic field to estimate the impact of each on field performance indicators, especially on NPV.  
5.1. Polymer Retention and Retention Reversibility 
The first step to test retention and reversibility was to perform some simulations in a 1D 
reservoir grid, testing the property for different values. Description and results for the cases tested 
are described below. 
 
1D Case Validation Results 
The adsorptions tested in on-dimensional case had the values of 20 and 50 g/grock. For 
each value of adsorption, four levels of reversibility were tested: Totally Irreversible, 
Preferentially Irreversible (75% Irreversible), Preferentially Reversible (25% Irreversible) and 
Totally Reversible. 
The test consisted on the injection of one pore volume of water, followed by another pore 
volume of polymer, followed by water until the end of simulation time. Figure 5.1 shows the 
mass rate of polymer injected and produced, considering three levels of adsorption (no 
adsorption, 20 g/g and 50 g/g). 
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Figure 5.1 – Injected and produced polymer mass. For the same injected slug, polymer break-
through is delayed when adsorption level is increased. 
It can be understood from Figure 5.1 that in the absence of adsorption, polymer reaches the 
producer sooner and adsorption retards its movement (Equation 2.6).  
Using fractional flow theory, as modified by POPE (1980), it is possible to calculate the 
breakthrough time of the polymer front, and compare with simulation results. Table 5.1 shows 
this comparison, where it is possible to see a reasonable agreement with the numerical 
simulation.  
Table 5.1 – Breakthrough time for polymer bank 
 
Simulated breakthrough 
time (days) 
Breakthrough time predicted by 
Fractional Flow (days) 
Delta 
No Adsorption 957 978 -2.2% 
20 mg/grock 1011 1010 0.1% 
50 mg/grock 1072 1058 1.4% 
 
The retardation factor, Dp, for each adsorption case can be calculated from Equation 2.6. 
The results were 4.9% and 12.4% for 20 and 50 g/grock, respectively. To observe those values in 
simulation results, it is possible to integrate the curves from Figure 5.1 and calculate the adsorbed 
mass. Figure 5.2 shows the percentage of adsorbed polymer calculated as 5.1% and 12.9%, for 20 
and 50 g/grock respectively. 
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Figure 5.2 – Cumulative polymer mass is reduced due to retained mass by  
porous media. The ratio of retained mass is defined as retardation factor, Dp. 
 
 
 
Figure 5.3 – Retention reversibility for retention level of 20g/g (left) and 50g/g (right).  
 
Polymer retained by the rock can desorb and go back into flowing water due to the 
reversibility of retention. This happens mostly during the water bank flood after the polymer 
bank. Figure 5.3 shows polymer injected and produced mass, for the cases of 20 and 50 g/grock 
of adsorption. The retention reversibility can be noted in the end of the polymer bank. The tail 
formed in the end of polymer bank is greater for retention level of 50 g/grock than for 20 g/grock 
because in the first case the amount of retained molecules is larger than that for the latter case. 
-1 
0 
1 
2 
3 
4 
5 
6 
7 
8 
0 500 1000 1500 2000 
P
o
ly
m
er
 M
as
s 
(E
0
3
 k
g)
 
Time (Days) 
Injected No Adsorption 20 ug/g 50 ug/g 
-5 
0 
5 
10 
15 
0 500 1000 1500 2000 P
o
ly
m
er
 M
as
s 
(k
g/
d
ay
) 
Time (Days) 
Retention Reversibility - 20 ug/g 
-5 
0 
5 
10 
15 
0 500 1000 1500 2000 P
o
ly
m
er
 M
as
s 
(k
g/
d
ay
) 
Time (Days) 
Retention Reversibility - 50 ug/g 
Dp 
88 
 
Oil and water production rates showed very little sensitivities to the reversible adsorption 
as shown in Figure 5.4.  
 
 
 
Figure 5.4– Oil (left) and water (right) rates for reversibility at different retention levels are not 
sensitive to adsorption reversibility 
 
According to fractional flow theory, polymer solution forms a front that pushes the oil bank 
towards the producer. Once the polymer bank reaches the producer, the oil bank diminishes. 
Figure 5.5 shows this comparison for the case of retention of 50 g/g. 
The influence of retention and reversibility of retention was tested for ST004. ADRT is the 
level of reversibility and       is the maximum adsorption. For reversibility, the following 
nomenclature was used: 
Totally irreversible: ADRT =       
Preferentially irreversible: ADRT = 0.75*       
Preferentially reversible: ADRT = 0.25*       
Totally reversible: ADRT = 0 
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Figure 5.5 – Oil, water and polymer banks for the case of 50 g/g of retention 
 
Figure 5.6 shows the results for several field indicators. NPV and cumulative oil decrease 
for higher levels of adsorption. Furthermore, cumulative produced and injected water have the 
tendency to increase with the adsorption levels. The reversibility of retention shown to be a 
negligible factor, since its impact is very small for cases studied here. Table 5.2 and Table 5.3 
summarize the indicators for ST004.  
 
Table 5.2 – Summary of field indicators for totally irreversible retention tests 
Adsorption Np (10
6
 m
3
) Wp (10
6
 m
3
) Winj (10
6
 m
3
) PolMass (10
6
kg) NPV (10
9
 USD) 
(g/g) Value Delta Value Delta Value Delta Value Delta Value Delta 
0 34.2  63.6  100.0  120.7  1.61  
20 34.0 -0.5% 67.0 5.4% 103.2 3.2% 124.4 3.1% 1.55 -3.6% 
50 33.6 -1.6% 71.1 11.8% 106.9 6.9% 128.8 6.7% 1.47 -8.3% 
100 31.3 -8.5% 69.1 8.7% 102.4 2.4% 126.3 4.6% 1.36 -15.6% 
200 28.5 -16.5% 71.5 12.5% 102.2 2.2% 125.9 4.3% 1.17 -27.0% 
 
Table 5.3 – Summary of field indicators for retention reversibility tests, at adsorption of 50 g/g 
Reversibility Np (10
6
 m
3
) Wp (10
6
 m
3
) Winj (10
6
 m
3
) PolMass (10
6
kg) NPV (10
9
 USD) 
 Value Delta Value Delta Value Delta Value Delta Value Delta 
Tot Irrev 33.6  71.1  106.9  128.8  1.47  
Pref Irrev 33.7 0.1% 71.2 0.1% 107.0 0.1% 128.8 0.0% 1.48 0.0% 
Pref Rev 33.7 0.3% 71.3 0.4% 107.2 0.3% 128.7 -0.1% 1.48 0.2% 
Tot Rev 33.8 0.4% 71.4 0.5% 107.3 0.4% 128.7 -0.1% 1.48 0.2% 
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Figure 5.6 – ST004 – Field indicators for retention and reversibility. (a) NPV and (b) cumulative 
oil decrease with retention, while (c) production and (d) injection water increase. Reversibility 
has negligible impact. 
 
The results show that the magnitude of retention plays an important role on the oil and 
water production rates during the field production life. This parameter is usually unknown and 
can be treated as an uncertainty. The reversibility, however, plays a very small role and can be 
neglected.  
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5.2. Inaccessible Pore Volume 
The first step for this work was to perform 1D simulation to better understand the 
inaccessible pore volume (IPV) effect. These studies considered IPVs of 0%, 10%, 20% and 
30%, with a fixed adsorption of 50 g/grock.  
The relative permeability curve was generated by Corey’s correlation, according to Table 
4.2 and the viscosities were 0,5cP for water, 10 cP for polymer solution (at 1500 PPM) and 100 
cP for oil.  
The Buckley-Leverett analyses for the 4 cases show that the difference on the results is 
small. Figure 5.7 shows the fractional flow curve for this problem, and the 4 sets of derivative 
curves (velocities) which are used to calculate the water and oil production rates. Chemical 
tangent lines are slightly different. The oil bank tangent curves, however, are practically 
identical. 
 
 
Figure 5.7 – Fractional flow of water and tangent lines.  
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The next step was to construct a model in CMG-STARS® to compare with Buckley-
Leverett calculations, to check the consistency with the simulation results. Figure 5.8 shows the 
comparison between Buckley-Leverett and STARS data for 10% IPV. 
 
 
Figure 5.8 – Comparisons of indicators for simulation and fractional flow theory. Oil cut versus 
dimensionless time (a), water saturation versus dimensionless distance (b) and dimensionless 
cumulative oil production versus dimensionless time (c) 
 
Table 5.4 – Breakthrough time for oil and polymer bank 
 Oil Bank breakthrough (days) Polymer breakthrough (days) 
IPV (%) 
Buckley-
Leverett 
STARS Error (%) 
Buckley-
Leverett 
STARS Error (%) 
0 117 116 0.7 442 442 0.0 
10 117 118 -0.3 423 410 3.1 
20 118 119 -0.5 404 374 7.4 
30 120 122 -2.0 385 341 11.4 
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Table 5.4 compares the breakthrough time for polymer and oil bank, calculated by CMG-
STARS® and by Buckley-Leverett.  
The test consisted on the injection of 0.5 PVs of water, followed by 1 PV of polymer 
solution, followed by water until the end of simulation time. 
Figure 5.9 shows the mass rate of polymer injected and produced, considering 4 values of 
IPV. For higher values of inaccessible pore volume, polymer velocity increases, causing earlier 
breakthrough (Equation 2.6 and Equation 2.7). 
 
 
 
Figure 5.9 – Inaccessible pore volume makes polymer to be produced faster,  
but does not change total produced mass 
 
Figure 5.10 shows the variation of oil and water production rates and cumulative 
productions. Although rates have changed slightly, the cumulative values are kept nearly 
constant. The effect of inaccessible pore volume on NPV is expected to be negligible, because it 
increases both oil and water rates. 
The influence of inaccessible pore volume on field results was tested on ST004. The 
differences in the results for this field were negligible. Table 5.5 shows for each value of IPV, the 
values for oil production (Np), water production (Wp), water injection (Winj), injected polymer 
mass (PolMass) and net present value (NPV), and the percentage difference compared to the case 
without IPV (0% of IPV). 
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Figure 5.10 – Variation of indicators with inaccessible pore volume.  
Small variations are observed in rates of production of oil and water,  
but these are not significant in cumulative values. 
 
Table 5.5 – Summary of field indicators for Inaccessible Pore Volume 
IPV Np (10
6
 m
3
) Wp (10
6
 m
3
) Winj (10
6
 m
3
) PolMass (10
6
kg) NPV (10
9
 USD) 
 Value Delta Value Delta Value Delta Value Delta Value Delta 
0% 32.0  65.2  99.2  122.1  1.44  
10% 33.8 5.6% 69.4 6.6% 105.4 6.3% 127.4 4.3% 1.50 3.7% 
20% 34.0 6.4% 66.5 2.1% 102.8 3.6% 124.5 2.0% 1.54 6.7% 
30% 34.2 7.0% 63.6 -2.4% 100.1 0.8% 121.3 -0.7% 1.59 9.9% 
 
In a scenario of risk analysis, the Inaccessible Pore Volume plays a minor role, and can be 
neglected. It is advised, however, to include it in a sensitivity analysis for a particular project. 
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5.3. Dependence of Viscosity on Concentration 
The dependence of viscosity on polymer concentration is modeled as exponential or 
crescent cubic function. Four different viscosity-polymer concentration curves are tested to 
identify their impact on field indicators. Figure 5.11 shows the tested curves, all at constant 
injection rate and continuous polymer injection. 
 
Figure 5.11– Curves for dependence of viscosity on concentration 
 
For the tests, the 1D reservoir was flooded only with polymer for the entire period, at a 
constant rate. For the curves where low concentration solution has higher viscosity, water 
breakthrough is delayed, because of the viscosity of the solution from the beginning of injection. 
After some time, however, water rate reaches the same value for all the curves, as shown in 
Figure 5.12. Oil perceives this variation but after some injection time, the difference is negligible.  
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Figure 5.12 – Water rate and cumulative oil production for  
different curves of dependence of viscosity with concentration 
To draw these curves, viscosity data need to be measured in the laboratory, and this is made 
for a few points only. The points are fitted using empirical model, described for example by 
Equation 2.8 or Equation 2.9. These data, and therefore, the curves, are subject to uncertainties. 
Curves 3 and 4 in Figure 5.11 are not considered since they do not follow the trend in laboratory 
data observed for numerous polymer types. Therefore, for the field scale tests, only Curves 1 and 
2 in Figure 5.11 are simulated. The impact is small, as shown in Table 5.6, especially on NPV. 
The shape of the curve can, however, lead to errors in water injection and production, which may 
be an important information for the field management. 
 
Table 5.6 – Summary of field indicators for the dependence of viscosity on concentration 
Curve Np (10
6
 m
3
) Wp (10
6
 m
3
) Winj (10
6
 m
3
) PolMass (10
6
 kg) NPV (10
9
 USD) 
 Value Delta Value Delta Value Delta Value Delta Value Delta 
Curve 1 34.2  63.6  100.0  120.7  1.61  
Curve 2 34.8 1.8% 57.5 -9.6% 94.7 -5.2% 113.1 -6.3% 1.73 7.4% 
The effect of different curves is very small. This means that for field scale, not much effort is 
needed to characterize this curve. 
5.4. Effect of Salinity 
The viscosity of polymeric solution is strongly affected by the salinity of the brine, 
viscosity of polymer solution and polymer adsorption. 
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The increase in salinity reduces viscosity, turning the flooding under a less favorable 
mobility ratio. Also, polymer will be consumed faster, due to the increase on adsorption. These 
factors decrease the net present value (NPV). 
The one-dimensional tests were performed considering only polymer flooding (no water 
pre-flood or post-flood). The salt was sodium chloride (NaCl). The three mechanisms of effect of 
salt on polymer flooding are considered in the simulation. 
Viscosity decreases monotonically but not linearly with salinity. From Figure 2.8, the slope 
of salinity dependence is negative. Therefore, for very high values of salinity is expected polymer 
viscosity to approach water viscosity. 
The increase in viscosity leads to an increase in water rate and to a decrease in oil rate. This 
can also be explained by the fractional flow curves. Equation 2.3 calculates the fractional flow of 
water (or displacing fluid) when capillary forces are neglected.  
The graphics of oil rate and water rate can be explained by the interpretation of the 
fractional flow curve. Figure 5.13 shows the oil rate and cumulative oil for different salinities. 
Both oil rate and cumulative oil production decrease in the presence of salt. 
 
 
 
 
Figure 5.13 – Oil rate and cumulative oil decrease with salinity 
 
Figure 5.14 shows water production rate and cumulative produced water. The only 
difference expected in the cumulative water production rate is due to the adsorption. 
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Figure 5.14 – Water rate and cumulative water slightly increase with salinity 
 
The rate of produced polymer brings the information on the displacing fluid breakthrough, 
which is expected to delay due to polymer viscosity. On other hand, the retention increases with 
salinity, and so, the chemical front moves slower. Figure 5.15 shows, however, that the influence 
of the increase in adsorption is more important. 
 
 
 
Figure 5.15 – Polymer viscosity decreases and retention increases with salinity. Effect of 
retention is more important than in viscosity in terms of produced polymer mass. 
 
The influence of retention on field results was tested for the ST004 case. It was assumed 
that injected polymer mass was constant. This is important because the amount of polymer can be 
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a variable in a project, and it is decided before the project begins. For each field, four values of 
salinity have been tested: 0%, 2%, 5% and 10%. In all of them, the salt was considered to be 
sodium chloride (NaCl). 
Erro! Fonte de referência não encontrada. shows the influence of salinity on the field 
ndicators. A decrease in salinity results in an increase in oil production. It is also possible to see 
that the production tends to stabilize. It happens because the viscosity of the solution also 
stabilizes, as in Equation 2.20.  
Salinity drops the polymer viscosity and increases its adsorption. This reflects in an 
increase in water injection (and production), and subsequent oil production. NPV decreases 
strongly with salinity. Table 5.7 summarizes the field indicators for the variation on salinity. 
 
 
Figure 5.16 – ST004 – Influence of salinity on field indicators. A strong reduction in oil 
production and increase in water production and injection are observed, resulting in a significant 
drop in NPV. 
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Table 5.7 – Summary of field indicators for salinity variation 
Salinity Np (10
6
 m
3
) Wp (10
6
 m
3
) Winj (10
6
 m
3
) PolMass (10
6
 kg) NPV (10
9
 USD) 
 Value Delta Value Delta Value Delta Value Delta Value Delta 
0% 32.0  65.2  99.2  122.1  1.44  
2% 26.0 -18.7% 68.0 4.3% 98.1 -1.1% 120.9 -0.9% 0.74 -48.5% 
5% 23.9 -25.4% 68.3 4.9% 96.3 -2.9% 118.9 -2.6% 0.62 -56.9% 
10% 20.4 -36.1% 60.2 -7.6% 84.6 -14.7% 108.6 -11.1% 0.50 -65.2% 
5.5. Non-Newtonian behavior 
The influence of polymer rheology was tested considering a shear thinning power law fluid, 
as described by Equation 2.13. The base case considered was with           ,         
        and          . Table 5.8 shows the variation in the parameters to understand how 
they affect the oil and water productions. 
 
Table 5.8 – Values of parameters for study of non-Newtonian behavior 
 Test Name                     
Base Case 0.82          4.8 
Te
st
 1
           0.40        
  4.8 
          0.60        
  4.8 
          0.80        
  4.8 
           0.99        
  4.8 
Te
st
 
2
 
            0.82        
  4.8 
            0.82        
  4.8 
Te
st
 3
         0.82        
  3 
        0.82        
  3 
        0.82        
  5 
        0.82        
  7 
 
The first sensitivity test was for parameter      . A value of 1 for this parameter would 
mean that the viscosity is Newtonian. Figure 5.17 shows the produced water and oil for this test. 
It is possible to notice that for smaller values of       (stronger non-Newtonian behavior), water 
is produced faster and at a higher rate. 
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Figure 5.17 – 1D validation – Water (left) is produced faster and is increased for smaller values 
of      . Oil production (right) is decreased due to this variation in water production 
 
The increase in produced water is reflected on a proportional decrease in oil production. 
From Figure 5.17 it is possible to infer that less oil is produced with stronger non-Newtonian 
polymers. 
 
 
 
Figure 5.18 – 1D validation – Parameter         refers to the shear rate where viscosity begins to 
decrease due to rheology. Low values mean strong viscosity loss, while high value means that 
solution approaches to Newtonian behavior 
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The second parameter to be tested was        . This parameter refers to the lowest value of 
shear rate where the solution starts to lose viscosity. For shear rates lower than this value, the 
solution is Newtonian. If the value of         is smaller, it means that the solution will start losing 
viscosity at smaller shear rates, and thus, it is expected an increase in water production and 
decrease in oil production. Figure 5.18 shows water and oil production, for three different values 
of        . 
High values of         mean that the solution remains Newtonian for a wider range of shear-
rates, approaching to the behavior of a fully Newtonian solution. Figure 5.19 compares the 
produced water values with            and                
 . Both situations approach the 
behavior of Newtonian solution, and thus, as expected, they will present similar behavior. 
 
 
Figure 5.19 – Comparison for produced water by approaching       and         
to the non-Newtonian behavior 
 
The third test consisted on changing the value of      , which is the correction factor 
between viscometer and porous media shear rate. This is an important factor because allows the 
correct estimation of the shear rates and viscosities in the rock, but may also contain 
uncertainties. 
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Figure 5.20 – 1D validation – Parameter       refers to the correction factor for rheology 
measured by a rheometer and a core. High values of       increase oil production and decrease 
water production. 
 
A value of         means that the values found in the viscometer are equal to that found 
in the porous media. Higher values for       will shift the curve from Erro! Fonte de referência 
não encontrada. to the left, meaning that the viscosities will be smaller for similar values of 
shear-rate. In other words, water production will increase and oil production decrease with an 
increase of      . Figure 5.20 shows water and oil production values to illustrate this effect. The 
impact is smaller compared to the previous tests.  
Table 5.9 summarizes the influence of each test in the field indicators of oil and water 
production. In order of importance are the variations of      , variation of         and of      . 
 
Table 5.9 – Summary of results for 1D case 
 Test Name Wp (10
3
 m
3
) Delta (%) Np (10
3
 m
3
) Delta (%) 
Base Case 185.9  780.1  
Te
st
 1
           292.9 57.5% 713.9 -8.5% 
          257.1 38.3% 739.6 -5.2% 
          190.4 2.4% 777.7 -0.3% 
           142.3 -23.5% 802.7 2.9% 
Te
st
 
2
 
            142.3 -23.5% 802.0 2.8% 
            234.8 26.3% 753.2 -3.5% 
Te
st
 3
         155.5 -16.4% 795.6 2.0% 
        176.6 -5.0% 785.0 0.6% 
        186.7 0.4% 779.7 -0.1% 
        193.6 4.1% 776.0 -0.5% 
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The influence of non-Newtonian behavior on field results was tested for the ST004. It was 
assumed for the fields tests that injected polymer mass was constant. This is important because 
the amount of polymer is a project variable, and is decided before the project begins. The same 
three tests from 1D validation was applied to ST004. 
The results follow the same trends observed for 1D and 5 Spot cases. Also, the variation for 
NPV was always small (Table 5.10).  
The shape of rheological curve impacts significantly the NPV and other indicators. It is 
necessary to dedicate special attention in drawing this curve in the laboratory. The correction 
factor has lower importance in field scale, and does not require as much attention as other 
parameters of the curve. 
 
Table 5.10 – Summary of Field Indicators for Rheology 
 
Np (10
6
 m
3
) Wp (10
6
 m
3
) Winj (10
6
 m
3
) PolMass (10
6
 kg) NPV (10
9
 USD) 
Value Delta Value Delta Value Delta Value Delta Value Delta 
Base Case 33.0  62.2  97.4  126.2  1.59  
          26.4 -20.0% 58.0 -6.8% 86.1 1.5% 112.5 -10.8% 1.19 -25.2% 
          30.6 -7.4% 66.6 7.0% 98.9 1.5% 131.5 4.2% 1.44 -9.5% 
          32.8 -0.5% 62.2 -0.1% 97.1 -0.3% 126.1 -0.1% 1.58 -0.4% 
           34.2 3.5% 63.7 2.4% 100.0 2.7% 121.5 -3.7% 1.61 1.2% 
            34.1 3.3% 63.3 1.8% 99.4 2.1% 122.5 -2.9% 1.6 1.8% 
            31.0 -6.0% 63.7 2.3% 96.5 -0.9% 126.4 0.1% 1.5 -6.9% 
        34.0 3.1% 63.5 1.9% 99.8 2.5% 125.8 -0.4% 1.62 1.8% 
        33.4 1.1% 62.5 0.4% 98.1 0.7% 126.7 0.3% 1.60 0.8% 
        33.0 -0.2% 62.2 -0.1% 97.1 -0.2% 126.2 -0.1% 1.59 -0.1% 
        33.0 -0.2% 62.2 -0.1% 97.1 -0.2% 126.2 -0.1% 1.59 -0.1% 
 
5.6. Injectivity Correction 
The effect of injectivity correction parameter for the non-Newtonian behavior was tested 
using effective Skin Factor, from Equation 5.1 (CMG-STARS, 2012) and Equation 5.2 (LI, 
2015).  
      
 
   
    
  
  
 
   
    
  
  
 Equation 5.1 
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 Equation 5.2 
The fluid model consisted of a polymer solution with maximum viscosity of 10 cP, and 
non-Newtonian power law slope of 0.81. The well radius was 0.15 m. 
Four cases have been considered: 
 Original: No refinement or corrections adopted. 
 Refined: Local grid refinement to the size of 0.91 x 0.91 x 0.91 m 
 Skin CMG: Correction using Equation 5.1. 
 Skin Li: Correction using Equation 5.2. 
 
The first tests were performed in the 5-spot case. LI and DELSHAD (2014) show that with 
local grid refinement, injectivities are similar to the analytical solution. Because of that and as in 
STARS it is not possible to implement the analytical solution, the values found for the refined 
grid are taken as default for comparison.  
With the values obtained as described above, the skin factors have been calculated as 
             and            . The injection was kept constant at 100 m
3
/day. Figure 
5.21 shows the bottom-hole pressure for the injector at each case. 
 
Figure 5.21 – Bottom-hole pressure – 5-Spot case 
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One way to quantify the differences is to calculate the standard deviation or the root mean 
square of the difference of the curves. Equation 5.3 shows how to calculate the standard deviation 
and Equation 5.4, the root mean square. 
 
       
 
 
                     
               
 
 
   
 Equation 5.3 
 
       
 
 
          
 
 
   
 Equation 5.4 
Table 5.11 shows the standard deviation and root mean square values found for 5-Spot case. 
It is clear that the skin factor correction approaches the value of pressure to that found with 
refined grid (benchmark solution). The difference, however, for this case, is small. 
 
Table 5.11 – Standard Deviation and RMS for 5-Spot case 
 Original Skin CMG Skin Li 
Standard Deviation 506 328 215 
Root Mean Square 755 471 284 
 
Tests were also made in the 3D Horizontal Wells case. Injection rate and maximum bottom-
hole pressure were chosen in a way the well control would change during simulation time. Figure 
5.22 shows variation of bottom-hole pressure water injection rate for this case. Table 5.12 and 
Table 5.13 show the standard deviation and the root mean square for both graphics.  
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Figure 5.22 – Bottom-hole pressure (left) and water injection rate (right) for 3D Horizontal Wells 
case – Skin factor for correction of injectivity allowed a better prediction of breakthrough time. 
 
Table 5.12 – Standard Deviation and RMS for Bottom-hole -pressure – 3D Horizontal 
Wells Case 
 Original Skin CMG Skin Li 
Standard Deviation 347 250 254 
Root Mean Square 370 258 256 
 
Table 5.13 – Standard Deviation and RMS for Water Rate – 3D Horizontal Wells Case 
 Original Skin CMG Skin Li 
Standard Deviation 23.3 11.5 11.8 
Root Mean Square 24.0 11.5 11.8 
 
The influence of the injectivity correction on field results was also tested for ST004. It was 
assumed a constant injection schedule (fixed start and fixed slug size). This means that polymer 
mass can vary from test to test.  
In the first moment, the skin factors were tested in order to check if they were properly 
adjusting the injector wells water rate and pressures. Figure 5.23 shows details of this 
information. In all three wells, skin factors have approached the solution of fine grid. 
For all cases, the skin factor correction approached the solution of the refined grid and the 
differences were small, meaning that the correction may be neglected. 
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Figure 5.23 – ST004 – Water rates (left) and pressures (right) for the injectors I4 (top), I9 (center) 
and I14 (bottom). For all cases the correction with skin factor approached the value found from 
refined grid. 
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Table 5.14 – Standard Deviation and RMS for Np 
 Original (10
3
) Skin CMG (10
3
) Skin Li (10
3
) 
Standard Deviation 138 24.9 19.7 
Root Mean Square 210 29.3 19.7 
 
Table 5.15 – Standard Deviation and RMS for Wp 
 Original (10
3
) Skin CMG (10
3
) Skin Li (10
3
) 
Standard Deviation 1388 178 193 
Root Mean Square 2469 411 195 
 
Figure 5.24, Table 5.16 and Table 5.17 show the results of field indicators and the 
comparison between the skin factors with original and fine grid cases. 
 
 
 
Figure 5.24 – ST004 – Variation of field indicators with the use of skin factor corrections.  
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Table 5.16 – Standard Deviation and RMS for Winj 
 Original (10
3
) Skin CMG (10
3
) Skin Li (10
3
) 
Standard Deviation 1350 201 179 
Root Mean Square 2746 460 194 
 
Table 5.17 – Standard Deviation and RMS for Polymer Mass 
 Original (10
3
) Skin CMG (10
3
) Skin Li (10
3
) 
Standard Deviation 913 159 119 
Root Mean Square 1425 358 191 
 
Table 5.18 summarizes the values and percent error from refined value. 
 
Table 5.18 – Summary of Field Indicators for Injectivity Correction 
  Np (10
6
 m
3
) Wp (10
6
 m
3
) Winj (10
6
 m
3
) PolMass (10
6
 kg) NPV (10
9
USD) 
Value Delta % Value Delta % Value Delta % Value Delta % Value Delta % 
Refine 19.6   110.7   129.9   52.8   1.1   
Uncorrected 19.6 0.1% 106.7 -3.6% 125.8 -3.2% 52.2 -1.1% 1.1 -0.2% 
Skin CMG 19.6 0.1% 110.9 0.1% 130.2 0.3% 53.1 0.6% 1.1 -0.4% 
Skin Li 19.6 0.1% 110.2 -0.5% 129.5 -0.3% 53.1 0.5% 1.1 -0.1% 
 
Again, both skin factors have improved the injectivity for the wells. Equation 5.2 (Skin Li) 
presented better results compared to Equation 5.1 (Skin CMG), because it takes into account 
reservoir heterogeneities. The variations between original and fine datasets lead to small 
difference on indicators, meaning that impact on net present values was small. 
5.7. Anomalous Permeability Reduction 
One important effect of polymer flooding is the adsorption of molecules on the pore walls. 
This adsorption blocks part of the space available to water flux, reducing the permeability. This 
property is also known as residual resistance factor. 
In the 1D case test, polymer was injected in the core, with 100% of water saturation 
(single-phase flow). Using Darcy’s law it was possible to infer the permeability. Figure 5.25 
shows the permeability alteration for a block in the middle of the core. The permeability starts at 
1000 mD. For the RRFT1 case, no change occurs in permeability. When the resistance factor is 
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changed to 2 (RRFT2), however, permeability decreases, reaching the value of                
when adsorption is fully satisfied. 
 
Figure 5.25 – Permeability in the Middle of the Core 
 
A second test was performed by changing the polymer concentration. Polymer 
concentration was increased from 0 to 2500 ppm, in increments of 500 ppm, and then decreased 
to zero again. Permeability reduces as polymer is adsorbed, and the lower value of permeability 
is kept when polymer concentration decreases as shown in Figure 5.26. 
If adsorption is reversible, permeability reduction is also affected. As molecules are 
desorbed, pore spaces are no longer occupied by polymer molecules, restoring part of flow 
 
 
 
Figure 5.26 – Polymer concentration and permeability for totally irreversible adsorption (left) and 
partially reversible adsorption (right).  
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To understand the two-phase flow, the 1D case was tested with both water and oil flowing. 
The initial water saturation was considered as 50% while connate water was 25%, meaning that 
the reservoir had mobile water.  
A test scenario was set, where both producer and injector wells were set to work at constant 
pressure (15 MPa and 40 MPa respectively). No constraints in liquid rates were set. For both 
cases, total volume of injected polymer was kept constant (0.65 PV). Figure 5.27 shows the 
polymer slug injection and production for both without permeability reduction and with 
permeability reduction of RRFT = 2. The entire injected slug is being produced in both cases. 
 
 
Figure 5.27 – Polymer Mass Rate – Two phase case 
 
In the case of one dimensional flow, the lower mobility of polymer impairs water to flow 
until all polymer mass is produced. Figure 5.28 shows the water injection rate. The rate declines 
rapidly with the increase in viscosity, and rises only after the production of polymer slug. For the 
case where permeability is reduced, polymer slug takes more time to reach the producer, and 
water rate rises less that for the case without permeability reduction. 
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Figure 5.28 – Water Injection Rate – Two phase case 
 
Water production has the same behavior of injection because no fluid compressibility was 
considered, and moreover, water was flowing since the beginning of the simulation. 
Oil production rate is shown in Figure 5.29. An oil bank is formed ahead of the polymer 
front. When no reduction on permeability occurs, the oil bank is larger, but lasts for a shorter 
time, while in the case of RRFT = 2, a lower peak value is observed, but it lasts longer. When the 
polymer production ceases, a difference in pressure brings a new peak in oil production.  
 
 
 
Figure 5.29 – Oil production rate (left) and Cumulative oil production (right). For RRFT=2 oil 
bank is longer but smaller than for RRFT=1. Cumulative curves are approximately equal. 
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Since oil permeability is not affected, its mobility does not change in the different cases, 
keeping the cumulative oil production nearly unchanged. It is valid to observe that in this case, 
the oil production is even higher for the case where permeability reduction is modeled. 
For an infinite production time, both curves tend to present the same values. So, in this 
case, water injection and production decrease considerably, while oil production remains nearly 
constant. This leads to the fact that NPV can, in some cases, be higher for cases where water 
permeability is reduced. 
For the case of ST004, the injected amount is of 35% of the pore volume. Figure 5.30 
shows the water resistance factor calculated in the end of field life, giving an idea of polymer 
sweep. 
 
Figure 5.30 – Water Resistance Factor – ST004 
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Figure 5.31 shows water injection rate for both cases. As water permeability is reduced, the 
rate is reduced after the adsorption takes place. 
 
 
Figure 5.31 – Water Injection Rate – ST004 
Because of the decrease in the injection rate, cumulative volume of  injected water is also 
smaller, as shown by Figure 5.32. 
 
Figure 5.32 – ST004 – Cumulative injected (left) and produced (right) water. Decrease in water 
permeability results in smaller injectivity and subsequent smaller production of water. 
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Oil Production is delayed, but ultimately at slightly higher values for the case where 
injection is impaired. Figure 5.33 illustrates this indicator. 
 
Figure 5.33 – Cumulative Oil Production – ST004 
Finally, the impact of permeability reduction on NPV is shown in Figure 5.34. Although 
the NPV is slightly reduced when permeability is reduced in the early stages of field life, it 
increases at the end. The impact is, however, small. 
 
Figure 5.34 – Net Present Value – ST004 
0 
5 
10 
15 
20 
25 
0 2000 4000 6000 8000 10000 12000 
C
u
m
u
la
ti
ve
 O
il 
(E
0
6
 m
3 )
 
Time (days) 
No Reduction RRFT = 2 
-40 
-30 
-20 
-10 
0 
10 
20 
30 
40 
50 
60 
-0,2 
0 
0,2 
0,4 
0,6 
0,8 
1 
1,2 
0 2000 4000 6000 8000 10000 12000 
N
P
V
 V
ar
ia
ti
o
n
 (
E
0
6
 U
SD
) 
N
P
V
 (
E0
9
 U
SD
) 
Time (days) 
No Reduction RRFT = 2 "No Reduction" minus "RRFT = 2" 
117 
 
Table 5.19 summarizes the indicators studied for this field. 
Table 5.19 – Summary of Field Indicators for Permeability Reduction 
  Np (10
6
 m
3
) Wp (10
6
 m
3
) Winj (10
6
 m
3
) PolMass (10
6
 kg) NPV (10
9
 USD) 
Value Delta Value Delta Value Delta Value Delta Value Delta 
No Reduction 32.0  65.2  99.2  122.1  1.44  
RRFT = 2 33.4 4.3% 61.8 -5.1% 97.6 -1.6% 94.0 -23.0% 1.50 3.7% 
5.8. Polymer Degradation 
Polymer degradation is an effect which must be avoided by careful selection before the 
injection begins. Stability of at least one year is desired to begin the project. Molecules may 
degrade even for very effective polymer selection, however, due to uncertainties in reservoir 
conditions. In this work degradation half-life was considered as 60 (for 1D case), 180, 365 and 
730 (for field case) days, considering a reasonable polymer selection. 
To test degradation, a first order chemical decay was considered initially in a 1D reservoir. 
A hypothetical value of 60 days for half-life was selected. In this way, the frequency factor    
was calculated by Equation 5.5: 
 
    
   
    
 
   
       
                 Equation 5.5 
 
The stoichiometric coefficient for the reacting components (polymer),     , was set as 1. 
This way, Equation 5.5 was used to calculate the coefficient for the product (water), as shown in  
Equation 5.6. 
 
         
           
                
  
 
 
         Equation 5.6 
 
Figure 5.35 shows the injected and produced water for this case. As mass is conserved, it is 
expected both curves to be the same. 
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Figure 5.35 – Cumulative Produced and Injected Water – Molar Basis test 
 
A similar test was performed considering the mass basis data file. In this case, the 
stoichiometric coefficient for products of the reaction must be set as 1, as the mass of reactants 
must be equal to that of products. By doing so, the mass is again conserved. 
 
 
Figure 5.36 – Polymer concentration (left) and viscosity (right) after molecular degradation 
 
The degradation causes a reduction in polymer concentration, and as a consequence, a 
reduction in its viscosity. Figure 5.36 shows the decrease in concentration observed for this case. 
Note that near the injector, concentration is close to the maximum value and it decreases as the 
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solution moves away from injector. Because viscosity depends strongly on concentration, it 
decreases more rapidly with degradation. 
Figure 5.37 shows the water injection and oil production rates for ST004. Due to decrease 
in viscosity, polymer is consumed faster and is less effective when the half-life time of molecules 
decreases. Anticipation of water breakthrough also decreases oil cut and thus, oil rate. 
 
 
Figure 5.37 – ST004 – Water injection (left) and oil production (right) rates. With degradation, 
polymer flooding is less effective and more compared with water. Anticipation of water 
breakthrough also decreases oil cut and thus, oil rate 
 
 Table 5.20 gives a summary of the field indicators. 
 
Table 5.20 – Summary of field indicators for variation on degradation half-life time 
Half-Life time Np (10
6
 m
3
) Wp (10
6
 m
3
) Winj (10
6
 m
3
) PolMass (10
6
 kg) NPV (10
9
 USD) 
(days) Value Delta Value Delta Value Value Delta Value Delta Value 
No degradation 34.2  63.6  100.0  120.7  1.61  
730 days 24.9 -27.2% 48.1 -24.3% 75.1 -24.8% 97.7 -19.1% 1.21 -24.7% 
365 days 22.9 -33.1% 42.5 -33.2% 67.5 -32.5% 86.3 -28.5% 1.12 -30.7% 
180 days 21.4 -37.4% 37.9 -40.5% 61.5 -38.5% 77.2 -36.0% 1.04 -35.5% 
 
5.9. Summary 
Table 5.21 and Figure 5.38 summarize the influence of each polymer property on field 
indicators. Salinity, degradation, retention and rheology are the most impacting properties on the 
net present value. As the decrease in NPV is high, especially in the occurrence of degradation and 
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salinity, the polymer flooding may not be an advantageous technique and comparison with water 
flooding would be recommended in such a case. Comparisons with water flooding would demand 
reoptimization of G2 variables, as shown by LAMAS (2014) and is out of the scope of the 
present chapter. All other properties show variations smaller than 10% on NPV. It means that 
more effort must be used to reduce the uncertainties for both salinity and degradation for field 
level projects. Laboratory tests on the other properties should be carried out, but keeping in mind 
that the economical return of diminishing their uncertainties can be small. 
Table 5.21 – Summary of maximum variations for ST004 
Parameter Np Wp Winj PolMass NPV 
Salinity -36.1% -7.6% -14.7% -11.1% -65.2% 
Degrad -37.4% -40.5% -38.5% -36.0% -35.5% 
Retention -16.5% 12.5% 2.2% 4.3% -27.0% 
      -20.0% -6.8% 2.7% -10.8% -25.2% 
IPV 7.0% 6.6% 6.3% 4.3% 9.9% 
Visc Curve 1.8% -9.6% -5.2% -6.3% 7.4% 
        -6.0% 2.3% 2.1% -2.9% -6.9% 
Perm Reduc 4.3% -5.1% -1.6% -23.0% 3.7% 
      3.1% 1.9% 2.5% -0.4% 1.8% 
Injectivity -0.1% 1.0% 0.9% 3.2% -1.1% 
Reversibility 0.4% 0.5% 0.4% -0.1% 0.2% 
 
 
Figure 5.38 – Summary of maximum variations for ST004 
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The polymer retention plays an important role during the field production life. This 
parameter is usually unknown for field cases and should be treated as uncertainty. The 
reversibility of retention, however, plays a very minor role and can be neglected. This is because 
the polymer added to the flux due to reversibility happens after the oil bank is produced. At this 
point, oil mobility is very small and the mobility ratio for polymer flooding or for water flooding 
is approximately the same. 
The inaccessible pore volume is difficult to be measured in the laboratory. The results 
show that the impact on field production and injection results is, however, negligible. In a 
scenario of risk analysis, this parameter plays a very small role, and can be neglected. It is 
advised, however, to include it in a sensitivity analysis to make sure that for some particular 
project, it remains negligible. Also it is not advised to spend many resources on measuring this 
property in the lab since the return on field scale is small. 
A similar conclusion can be drawn for the dependence of viscosity on concentration. The 
uncertainties in the curves have little impact on NPV. This data must be measured in laboratory 
which is not time consuming or demand costly measurements. 
Salinity acts on polymer flooding by three main mechanisms: increase water viscosity, 
decrease polymer solution viscosity and increase the adsorption. Variation on water viscosity, 
however, is not very important and can be neglected, as a first approximation. The reduction in 
viscosity and increase in adsorption, on the other hand, plays a very important role in field 
performance. Polymer solution becomes less effective (due to the smaller viscosity) and is 
consumed faster by the rock (due to the higher adsorption). As polymer mass was kept constant 
in all simulation tests, oil production and water production rates have been strongly affected by 
salinity. 
The non-Newtonian behavior of the polymer strongly affects the viscosity of the solution 
with variation of pressure. This may lead to underestimating injectivity in reservoir simulation, 
due to the large grid blocks. The skin factor correction approaches the injectivity to that found by 
analytical solution. In the two field cases studied, the deviation of coarse grid from fine grid 
simulations were already small, leading to small differences on other indicators, especially on 
NPV.  
For the cases studied, the NPV presented an increase in value for the cases with 
permeability reduction. This happened because the strong decrease in water volumes (injection 
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and production), while oil production volumes remained nearly unchanged. This conclusion is 
case dependent, and must be verified for other field cases. The theoretical background for it is, 
however, based on the fact that permeability is reduced only for phases with adsorbing 
components, which for our case, is only the aqueous phase. 
Degradation influences strongly the polymer flood process, since it decreases the solution 
viscosity. It was observed that the decrease in viscosity is much faster than the decrease in 
concentration. It is very important that polymer is tested under field conditions for degradation 
for an extended period of time. Laboratory tests of mechanical and thermal degradation, and also 
for chemical and biological degradation in brine (injection water and formation water) must be 
done to avoid significant degradation and loss of viscosity. 
Polymer properties change the solution in three ways: polymer velocity (retention and 
IPV), polymer viscosity (concentration, salinity, degradation, and rheology) and molecular 
retention (retention, permeability reduction and salinity). The factors that impact most the 
indicators are the viscosity and retention levels. Thus, properties which change these variables 
have shown to strongly impact on the field indicators. 
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6. IMPACT OF POLYMER PROPERTIES ON PRODUCTION 
STRATEGY SELECTION 
This chapter presents the effects of the most influencing polymer properties, from previous 
chapter (salinity, degradation, retention and non-Newtonian behavior) on the selection of 
production strategy. Two reference strategies, one for water injection and one for ideal polymer 
model are selected. For each property, two strategies were selected, one considering property in 
the optimization of project variables (G1<prop>+G2<prop>), and one considering the project 
variables found for ideal polymer and the effect of property only during the optimization of 
control variables (G1IP+G2<prop>). 
6.1. First Iteration 
To perform the strategy selection procedure, values for G2 variables must be fixed while 
G1 is optimized. A first iteration of optimization was performed, considering a slug size of 12 
years, and not considering producers shut-in due to water cut. For each property, one strategy was 
selected under these conditions.  
Cross simulations are a way to verify if strategies were properly selected. It is expected that 
for a property <i>, the best economic result is achieved with the strategy selected for this same 
property <i>. Table 6.1 shows the economic results for each property, simulated in each strategy. 
It is possible to observe that for several cases the best economic result was not found for the 
strategy selected considering the property. It is an indication that a second iteration is necessary. 
Another important result for the first iteration was relative to the strategy found for 
degradation. Figure 6.1 shows the slug size optimization for strategy considering degradation. It 
is possible to observe that polymer provides very small increase in NPV (0.5%), and ideal slug 
size is less than 6 months. This means that for the case of occurrence of degradation, injection of 
polymer is not recommended, and because of that, water flooding should be considered. 
 
Table 6.1 – NPV of cross simulations for strategies selected in first iteration. Values in red 
represent difference (in %) between actual value and maximum value found for each property 
Strategy 
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P
ro
p
er
ty
 
 Retention Degradation 
Ideal 
Polymer 
Rheology 
Added 
Salinity 
Water 
Retention 1,45 (-3,3%) 1,26 1,50 1,34 1,32 1,28 
Degradation 1,15 1,26 (-1,4%) 1,24 1,18 1,24 1,28 
Ideal Polymer 1,55 1,26 1,67 1,48 1,35 1,28 
Rheology 1,50 1,26 1,63 1,47 (-10,5%) 1,33 1,28 
Added Salinity 1,25 1,16 1,14 1,20 1,28 1,14 
Water 1,11 1,26 1,25 1,28 1,19 1,28 
 
 
 
Figure 6.1 – Slug size optimization degradation. Ideal slug size is less than 6 months, and the 
gain obtained is less than 0,5%. 
6.2. Second Iteration 
For the second iteration the values for slug size and economic water cut limit to shut in 
producers were fixed from the previous iteration. This section shows the results observed for 
each property. For each case, strategies considering property since the beginning of optimization 
(G1<prop>+G2<prop>) and considering G1 found for ideal polymer (G1IP+G2<prop>) are compared 
with water and ideal polymer strategies. 
6.2.1. Strategy selection for ideal polymer 
For the second iteration considering an ideal polymer, 7 producers and 5 injectors were 
selected. Maximum NPV was reached after 26.6 years. Figure 6.2 shows the evolution of 
indicators during optimization process. Polymer mass is decreased and injected water increased 
in the later steps, slightly increasing production of oil. Net present value is also slightly increased 
in these steps. 
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Figure 6.2 – Evolution of net present value, cumulative oil production and cumulative water 
injection during strategy selection for ideal polymer 
 
Figure 6.3 shows the optimization for slug size and timing. The best economic result is 
achieved when injection starts in the beginning of field life (jan/2012), and a slug of 14 years is 
ideal in this case. Longer slugs, however, do not decrease NPV significantly. NPV for injection 
during all the period is only 1.1% smaller than that for optimal case. 
 
 
 
Figure 6.3 – Optimization for slug size and injection start date, showing that for ideal polymer, 
the ideal is to start injecting as soon as possible, and for 14 years. 
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6.2.2. Strategy selection for water 
Selection of strategy for water resulted in 7 producers and 2 injectors. Maximum NPV 
happened after 10 years. Figure 6.4 shows how indicators changed during production strategy 
selection process.  
 
Figure 6.4 – Evolution of net present value, cumulative oil production and cumulative water 
injection during strategy selection for water injection 
Net present value is increased in the last step, where water cut economic limit to shut in 
producers is reduced. This results in a strong decrease in cumulative oil production though. 
6.2.3. Strategy selection for retention 
To verify the influence of retention on production strategy selection, a value of  
50 g/grock was considered. This optimization resulted in 6 producers and 4 injectors. Maximum 
NPV occurs in 24.3 years. Figure 6.5 shows variation of indicators during optimization process. 
Optimization steps for polymer mass and slug size increased injection of polymer, resulting in an 
increase on cumulative oil production. NPV, however, remained practically unchanged, because 
this increase in cumulative oil was only sufficient to pay for the extra costs of polymer injection. 
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Figure 6.5 – Evolution of net present value, cumulative oil production and cumulative water 
injection during strategy selection for retention <G1Ret+G2Ret> 
Optimization for slug size and timing is presented in Figure 6.6. Starting injection in the 
beginning of field life allows better economic results. As to slug size, polymer must be injected 
during 18 months, and no abrupt drop on NPV is observed if polymer is injected for more time 
than the optimum. Variation from maximum value to injection during the entire period leads to a 
drop of 2.4% in terms of NPV. 
 
 
Figure 6.6 – Optimization for slug size and injection start date, showing that for retention, the 
ideal is to start injecting as soon as possible, and for 14.5 years. 
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Figure 6.7 – Evolution of net present value, cumulative oil production and cumulative water 
injection during strategy selection for retention, considering G1 selected for ideal polymer 
<G1IP+G2Ret>. 
Figure 6.7 shows evolution of indicators for optimization of <G1IP+G2Ret>. When retention 
is considered in ideal polymer strategy, injected water and polymer mass are decreased.  
Re-optimization of G2 parameters increase these parameters, resulting in an increase in oil 
production and consequent increase in NPV. Variation in NPV is not significant, meaning that 
both strategies, <G1Ret+G2Ret> and <G1IP+G2Ret> lead to similar economic results. 
6.2.4. Strategy selection for non-Newtonian behavior 
For evaluation of influence of non-Newtonian behavior on strategy selection, the values of 
0.8 and 2.5x10
5
, respectively for the slope and       were selected to represent the power-law 
model. The strategy selected lead to 7 producers and 3 injectors. Maximum NPV occurred in 22.8 
years. Figure 6.8 shows the evolution of the field indicators during the optimization process. 
Polymer mass decreases strongly in the first steps, and is partially recovered when slug size is 
optimized. The variation, however, does not reflect strongly in oil production or in NPV. 
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Figure 6.8 – Evolution of net present value, cumulative oil production and cumulative water 
injection during strategy selection for non-Newtonian behavior <G1Rheo+G2Rheo> 
 
Optimization for slug size and timing is presented in Figure 6.9. The early start of the 
polymer bank is advantageous. Polymer must be injected during 12 years, but if it is injected for 
the entire period, a decrease of 3.5% in NPV is observed. 
 
 
Figure 6.9 – Optimization for slug size and injection start date, showing that for non-Newtonian 
behavior, the ideal is to start injecting as soon as possible, and for 12 years. 
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Figure 6.10 – Evolution of net present value, cumulative oil production and cumulative water 
injection during strategy selection for non-Newtonian behavior <G1IP+G2Rheo> 
 
The effect of non-Newtonian behavior of polymer was inserted in the ideal polymer 
strategy. Figure 6.10 shows the evolution of the field indicators in this case. Injected polymer 
mass increases, but no corresponding increase in Np is observed. Re-optimization of G2 variables 
decrease polymer mass, allowing NPV to be partially recovered. The net present value did not 
change significantly, meaning that <G1Rheo+G2Rheo> and <G1IP+G2Rheo> lead to similar 
economic results. 
6.2.5. Strategy selection for degradation 
Strategy selection considering a molecular degradation with a half-life of 540 days shows 
that it is more advantageous not to inject polymer, as described in Figure 6.1. Because of that, the 
strategy for degradation was considered to be the same as that for water. 
 
<G1Deg+G2Deg> = <G1Water+G2Water> 
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Figure 6.11 – Evolution of net present value, cumulative oil production and cumulative water 
injection during strategy selection for non-Newtonian behavior <G1IP+G2Degrad> 
 
The degradation was also applied in the Ideal Polymer strategy. A strong increase in 
polymer mass is observed because the loss in viscosity of polymer. This increase in polymer 
consumption does not reflect in additional oil production, drastically decreasing NPV.  
Re-optimization of operational variables decreases polymer mass to a small value, partially 
recovering the net present value. Comparing <G1Degrad+G2Degrad> with <G1IP+G2Degrad> it is 
possible to observe that both lead to similar NPV results. 
6.2.6. Strategy selection for salinity 
The value of 5% for salinity was considered for production strategy selection, leading to a 
strategy with 5 producers and 2 injectors. Maximum NPV occurred in 18.4 years. Figure 6.12 
shows evolution of field indicators during the process. NPV continuously increases mainly due to 
the decrease in injected polymer mass.  
132 
 
 
Figure 6.12 – Evolution of net present value, cumulative oil production and cumulative water 
injection during strategy selection for salinity <G1Salt+G2Salt> 
 
It is interesting to observe that for this case, polymer mass decreases in step G2d (polymer 
concentration optimization). This occurs because when differences in salinity occur, polymer 
may not be viable to be applied in some regions of the reservoir, but still is in others. The region 
shown in Figure 6.13 shows 2 injectors, InjPolymer_new_14 and InjPolymer_new_4, both in 
layer 16. Optimization process lead InjPolymer_new_14 not to inject polymer, but only water. 
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Figure 6.13 – Position of InjPolymer_new_14, in layer 16. Optimization for polymer mass led it 
to inject water, showing that for this region it is not viable to inject polymer. 
 
Optimization for slug size lead to an optimum value of 10.5 years, and if slug is delayed, 
drop in NPV can reach 3.3%. Delay in the injection is more critical, since it can lead to NPV 
values lower than that for the zero polymer injection (zero years of slug size). Figure 6.14 shows 
these curves. 
 
 
Figure 6.14 – Optimization for slug size and injection start date, showing that for salinity, the 
ideal is to start injecting as soon as possible, and for 10.5 years. In this case, start of injection is 
very critical, and can compromise viability of project. 
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The effect of salinity was also tested in the Ideal Polymer strategy. Figure 6.15 shows the 
evolution of parameters during this process. Because of decrease in viscosity and increase in 
retention, the optimum polymer mass is decreased, resulting in less oil production. Final NPV 
results for <G1Salt+G2Salt> and <G1IP+G2Salt> lead to similar results. 
 
Figure 6.15 – Evolution of net present value, cumulative oil production and cumulative water 
injection during strategy selection for salinity <G1IP+G2Salt> 
6.3. Optimization Process 
The optimization process selected for the present work requires a large number of 
simulations, to ensure that solutions found are as near as possible to the optimum value for net 
present value. Figure 6.16 shows strategy selection for the ideal polymer, where 4511 simulations 
were required. It is possible to see that there are hundreds of simulations leading to similar NPV 
results.  
The production strategy may be changed to a more efficient process, but in this work the 
goal was to ensure that the results were found as near as possible to the optimum, and the 
simulation time of the field allowed this large number of simulations. 
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To perform the optimizations of this chapter, it is estimated that 67500 simulations were 
required, with an average of 60 minutes per simulation. This work is only possible with the use of 
parallel computing. 
As described in Chapter 3, the methodology for production strategies selection consists in 
dividing variables into two main groups: design variables, G1, and control variables, G2. To 
optimize G1, it is necessary to fix values for G2. So, it is expected that the optimization of G1 
will result in larger variations of the objective function, and G2 is expected not to change very 
much NPV. In the cases where G2 optimization influences significantly the result, it is suggested 
G1 to be re-optimized, considering these new values of G2. 
 
Figure 6.16 – Steps of strategy selection for Ideal Polymer, divided into G1 (design variables, 
blue) and G2 (control variables, red), showing that major variation on NPV is expected during 
G1 optimization, and minor variation is expected during G2 variation. 
 
6.4. Summary 
Cross simulation after second iteration resulted that in almost every case, consideration of 
each property resulted in better economic result when using strategy selected for it. The only case 
where it did not occur, the difference was small (-2,9%). This gives an indication that selected 
strategies lead to values near optimum. These values are shown in Table 6.2. 
136 
 
 
Table 6.2 – Cross simulations for strategies found in first iteration 
  Strategy 
  Retention Degradation 
Ideal 
Polymer 
Rheology 
Added 
Salinity 
P
ro
p
er
ty
 Retention 1,46 1,34 1,45 1,41 1,44 
Water / Degradation 1,16 1,34 1,21 1,17 1,28 
Ideal Polymer 1,60 1,33 1,61 1,57 1,53 
Rheology 1,56 1,34 1,59 1,55 (-2,9%) 1,50 
Added Salinity 1,05 1,24 0,69 1,03 1,36 
 
Slug sizes tend to be reduced when properties are considered. Figure 6.17 compares slug 
size optimization for each property. Ideal polymer leads to higher values of NPV in almost all 
cases.  
 
Figure 6.17 – Comparison of slug size optimization for all properties.  
Consideration of property tends to decrease optimum slug size. 
 
Figure 6.18 compares values of the indicators obtained in all strategies. Ideal polymer and 
water strategies act as superior and inferior performance limits. Strategies selected considering 
properties since the beginning (G1<prop>+G2<prop>) lead to similar results found for strategies 
considering the Ideal Polymer strategy as G1 (G1IP+G2<prop>). Strategies considering salinity and 
degradation, however, decreased NPV values to near that found for the water strategy, meaning 
that the occurrence of those properties may lead the project to fail. 
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Figure 6.18 – Strategies selected considering property since beginning (G1<prop>+G2<prop>) lead to 
similar results found for strategies considering Ideal Polymer strategy as G1 (G1IP+G2<prop>) 
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7. PROBABILISTIC ANALYSIS AND RISK CURVE 
COMPARISONS 
In this chapter, risk curves are built for each production strategy selected in the previous 
chapter. Curves for strategies considering property since the beginning of the optimization 
(G1<prop_name>+G2<prop_name>) and considered only for G2 optimization (G1IP + G2<prop_name>) are 
plotted and compared with the Ideal Polymer and Water strategy curves. 
7.1. Risk Curve Comparison for Retention Strategies 
Figure 7.1 shows the curves for net present value, cumulative produced oil, cumulative 
produced water, cumulative injected water, oil recovery factor and polymer mass for the 
strategies <G1Ret+G2Ret>, <G1IP+G2Ret>, Ideal Polymer and Water. Both strategies that consider 
retention present very similar results for NPV and Np. Table 7.1 shows the results for the average 
and standard deviation for each of the curves. 
 
Table 7.1 – Average and standard deviation () for the risk curves considering effect of retention 
 Ideal Polymer <G1Ret+G2Ret> <G1IP+G2Ret> Water 
 Average  Average  Average  Average  
NPV (E09 USD) 1,7 0,24 1,5 0,22 1,5 0,21 1,3 0,19 
Np (E06 m
3
) 35,6 3,52 35,7 2,82 34,5 3,20 19,4 1,97 
Wp (E06 m
3
) 65,6 4,98 93,5 11,6 81,5 8,07 36,5 3,81 
Winj (E06 m
3
) 104,1 8,60 131,6 13,2 118,1 10,1 57,8 5,83 
FRO (%) 43,7 0,97 43,9 2,09 42,3 1,61 23,8 0,65 
Polymer Mass 
(E06 kg) 
130,4 10,4 147,4 13,5 157,6 11,7 0,00 0,00 
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Figure 7.1 – Risk curves for <G1Ret+G2Ret>, <G1IP+G2Ret>, Ideal Polymer and Water. Strategies 
that consider retention lead to similar values of NPV, but need to inject more polymer mass to 
compensate the retention. 
 
Values of NPV for the strategies that consider effect of retention are similar and strategies 
for Ideal Polymer and Water act as superior and inferior limits of performance. Np and ORF are 
similar for Ideal Polymer and the strategies that consider retention, meaning that the effect of 
retention can be partially compensated, by adding more polymer mass.  
Using Equation 3.1 and Equation 3.2, Normalized Average Impact (NAI) and Attribute 
Coefficient of Impact (ACI) can be calculated for each level of each uncertain attribute. Table 7.2 
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shows the values found for the two curves of retention strategies. Values for the attributes are 
shown in Table 4.6. 
Table 7.2 – Normalized Average Impact (NAI) and Attribute Coefficient of Impact (ACI) 
 for risk curves of retention 
 <G1Ret+G2Ret>  <G1IP+G2Ret> 
 Net Present Value  Net Present Value 
Level 1 2 3 4 5 ACI  1 2 3 4 5 ACI 
Permeability 0,42 0,45 0,46 0,43 0,49 0,03  0,41 0,44 0,44 0,41 0,49 0,03 
Porosity 0,23 0,35 0,47 0,57 0,64 0,17  0,23 0,34 0,45 0,56 0,61 0,16 
Compressibility 0,46 0,38 0,51 - - 0,07  0,45 0,37 0,50 - - 0,06 
Oil Viscosity 0,41 0,45 0,49 - - 0,04  0,41 0,44 0,47 - - 0,03 
Retention Level 0,60 0,50 0,43 0,39 0,33 0,11  0,61 0,48 0,40 0,38 0,31 0,11 
              
 Cumulative Produced Oil  Cumulative Produced Oil 
Level 1 2 3 4 5 ACI  1 2 3 4 5 ACI 
Permeability 0,42 0,44 0,47 0,47 0,56 0,05  0,45 0,46 0,48 0,40 0,46 0,03 
Porosity 0,22 0,36 0,48 0,61 0,69 0,19  0,17 0,32 0,46 0,60 0,70 0,21 
Compressibility 0,49 0,40 0,53 - - 0,07  0,46 0,40 0,49 - - 0,05 
Oil Viscosity 0,46 0,47 0,48 - - 0,01  0,45 0,45 0,45 - - 0,00 
Retention Level 0,51 0,47 0,46 0,47 0,44 0,03  0,53 0,48 0,42 0,43 0,39 0,06 
              
 Cumulative Produced Water  Cumulative Produced Water 
Level 1 2 3 4 5 ACI  1 2 3 4 5 ACI 
Permeability 0,35 0,35 0,40 0,52 0,63 0,12  0,44 0,44 0,49 0,49 0,55 0,05 
Porosity 0,35 0,42 0,43 0,51 0,55 0,08  0,30 0,42 0,49 0,56 0,63 0,13 
Compressibility 0,47 0,40 0,49 - - 0,05  0,49 0,45 0,50 - - 0,02 
Oil Viscosity 0,46 0,46 0,44 - - 0,01  0,49 0,48 0,47 - - 0,01 
Retention Level 0,27 0,33 0,46 0,56 0,64 0,15  0,30 0,40 0,48 0,57 0,66 0,14 
              
 Cumulative Injected Water  Cumulative Injected Water 
Level 1 2 3 4 5 ACI  1 2 3 4 5 ACI 
Permeability 0,38 0,38 0,44 0,54 0,65 0,12  0,46 0,47 0,51 0,49 0,56 0,04 
Porosity 0,34 0,43 0,47 0,55 0,61 0,10  0,27 0,41 0,51 0,60 0,69 0,16 
Compressibility 0,49 0,42 0,52 - - 0,05  0,51 0,46 0,52 - - 0,03 
Oil Viscosity 0,48 0,49 0,47 - - 0,01  0,50 0,50 0,49 - - 0,01 
Retention Level 0,34 0,38 0,48 0,57 0,63 0,12  0,37 0,44 0,49 0,56 0,62 0,10 
              
 Oil Recovery Factor  Oil Recovery Factor 
Level 1 2 3 4 5 ACI  1 2 3 4 5 ACI 
Permeability 0,45 0,46 0,50 0,65 0,70 0,11  0,56 0,58 0,56 0,58 0,60 0,02 
Porosity 0,72 0,65 0,56 0,49 0,36 0,14  0,65 0,64 0,61 0,55 0,42 0,09 
Compressibility 0,56 0,44 0,66 - - 0,11  0,58 0,45 0,70 - - 0,12 
Oil Viscosity 0,51 0,56 0,59 - - 0,04  0,55 0,58 0,60 - - 0,02 
Retention Level 0,62 0,57 0,58 0,52 0,47 0,06  0,77 0,67 0,58 0,46 0,40 0,15 
              
 Polymer Mass  Polymer Mass 
Level 1 2 3 4 5 AIC  1 2 3 4 5 AIC 
Permeability 0,23 0,26 0,32 0,50 0,68 0,19  0,41 0,43 0,47 0,49 0,58 0,07 
Porosity 0,36 0,40 0,40 0,43 0,42 0,03  0,28 0,42 0,49 0,57 0,62 0,13 
Compressibility 0,42 0,34 0,45 - - 0,06  0,49 0,43 0,51 - - 0,04 
Oil Viscosity 0,41 0,41 0,39 - - 0,01  0,48 0,48 0,46 - - 0,01 
Retention Level 0,31 0,29 0,41 0,47 0,53 0,10  0,37 0,42 0,46 0,53 0,59 0,09 
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Porosity and retention level present high correlation with field results, while 
compressibility and oil viscosity have very low correlation with these values. Permeability is an 
important factor also, but presents good correlation only with cumulative values of produced and 
injected water and mainly in <G1Ret + G2Ret> (strategy with fewer wells). 
7.2. Risk Curve Comparison for non-Newtonian Behavior Strategies 
Risk curves for strategies that consider the effect of non-Newtonian behavior 
(<G1Rheo+G2Rheo>, <G1IP+G2Rheo>) are plotted against curves for Ideal Polymer and Water 
strategies in Figure 7.2. Table 7.3 shows the results for the average and standard deviation for 
each of the curves. 
Table 7.3 – Average and standard deviation () for the  
risk curves considering effect of non-Newtonian behavior. 
 Ideal Polymer <G1Rheo+G2Rheo> <G1IP+G2Rheo> Water 
 Average  Average  Average  Average  
NPV (E09 USD) 1,7 0,24 1,51 0,25 1,51 0,25 1,33 0,19 
Np (E06 m3) 35,6 3,52 31,4 3,10 31,7 4,48 19,4 1,97 
Wp (E06 m3) 65,6 4,98 74,4 9,05 61,3 6,56 36,5 3,81 
Winj (E06 m3) 104,1 8,60 107,6 8,98 95,1 10,5 57,8 5,83 
FRO (%) 43,7 0,97 38,6 2,67 38,9 4,47 23,8 0,65 
Polymer Mass 
(E06 kg) 
130,4 10,4 89,4 10,3 121,6 14,6 0,00 0,00 
 
 
Values of NPV are similar for both strategies that consider effect of non-Newtonian 
behavior (<G1Rheo+G2Rheo> and <G1IP+G2Rheo>). A significant drop in Np and consequently in 
NPV is observed for lower values of these indicators. This is due to scenarios where         
assumed lower values. In these cases, viscosity decreases even for small values of shear-rates, 
decreasing effectiveness of polymer flooding. Ideal Polymer and Water strategies also act as 
superior and inferior limits of performance for this case.  
Calculations for NAI are shown in Table 7.4. Porosity presents strong correlation with field 
results. Impact of most power-law parameters is also important, especially on produced/injected 
water volumes and oil recovery factor. 
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Table 7.4 – Normalized Average Impact (NAI) and Attribute Coefficient of Impact (ACI) 
for risk curves of non-Newtonian behavior 
 <G1Rheo+G2Rheo>  <G1IP+G2Rheo> 
 Net Present Value  Net Present Value 
Level 1 2 3 4 5 ACI  1 2 3 4 5 ACI 
Permeability 0,57 0,53 0,60 0,55 0,59 0,03  0,58 0,55 0,61 0,58 0,61 0,03 
Porosity 0,39 0,48 0,55 0,68 0,74 0,14  0,42 0,51 0,57 0,69 0,75 0,13 
Compressibility 0,58 0,51 0,63 - - 0,06  0,60 0,54 0,64 - - 0,05 
Oil Viscosity 0,55 0,57 0,59 - - 0,02  0,57 0,59 0,60 - - 0,02 
Power-law Slope 0,46 0,54 0,58 0,60 0,66 0,07  0,48 0,57 0,60 0,62 0,67 0,07 
         0,46 0,59 0,65 - - 0,10  0,48 0,61 0,67 - - 0,10 
 Cumulative Produced Oil  Cumulative Produced Oil 
Level 1 2 3 4 5 ACI  1 2 3 4 5 ACI 
Permeability 0,57 0,54 0,60 0,55 0,59 0,02  0,63 0,59 0,65 0,61 0,63 0,02 
Porosity 0,37 0,47 0,55 0,70 0,77 0,16  0,46 0,55 0,60 0,72 0,77 0,13 
Compressibility 0,58 0,52 0,63 - - 0,06  0,63 0,59 0,65 - - 0,03 
Oil Viscosity 0,57 0,57 0,57 - - 0,00  0,62 0,62 0,62 - - 0,00 
Power-law Slope 0,48 0,55 0,58 0,60 0,65 0,06  0,48 0,58 0,64 0,67 0,72 0,09 
         0,47 0,59 0,65 - - 0,09  0,49 0,65 0,72 - - 0,12 
 Cumulative Produced Water  Cumulative Produced Water 
Level 1 2 3 4 5 ACI  1 2 3 4 5 ACI 
Permeability 0,28 0,36 0,35 0,40 0,54 0,10  0,49 0,48 0,53 0,57 0,64 0,07 
Porosity 0,31 0,32 0,41 0,43 0,47 0,07  0,44 0,50 0,54 0,61 0,63 0,08 
Compressibility 0,39 0,35 0,43 - - 0,04  0,55 0,51 0,57 - - 0,03 
Oil Viscosity 0,40 0,38 0,38 - - 0,01  0,56 0,54 0,53 - - 0,01 
Power-law Slope 0,54 0,50 0,39 0,28 0,22 0,14  0,44 0,55 0,59 0,58 0,54 0,06 
         0,54 0,39 0,23 - - 0,15  0,49 0,60 0,54 - - 0,06 
 Cumulative Injected Water  Cumulative Injected Water 
Level 1 2 3 4 5 ACI  1 2 3 4 5 ACI 
Permeability 0,32 0,38 0,39 0,42 0,57 0,09  0,56 0,53 0,59 0,60 0,65 0,05 
Porosity 0,26 0,31 0,42 0,51 0,58 0,13  0,46 0,53 0,58 0,67 0,70 0,10 
Compressibility 0,42 0,36 0,48 - - 0,06  0,59 0,55 0,62 - - 0,03 
Oil Viscosity 0,42 0,41 0,41 - - 0,01  0,59 0,58 0,58 - - 0,01 
Power-law Slope 0,52 0,52 0,42 0,32 0,29 0,11  0,47 0,58 0,62 0,63 0,63 0,07 
         0,51 0,43 0,30 - - 0,11  0,50 0,63 0,62 - - 0,08 
 Oil Recovery Factor  Oil Recovery Factor 
Level 1 2 3 4 5 ACI  1 2 3 4 5 ACI 
Permeability 0,57 0,52 0,57 0,62 0,61 0,04  0,70 0,63 0,70 0,73 0,70 0,04 
Porosity 0,69 0,62 0,55 0,56 0,47 0,08  0,74 0,72 0,66 0,69 0,64 0,04 
Compressibility 0,58 0,50 0,67 - - 0,08  0,70 0,65 0,74 - - 0,05 
Oil Viscosity 0,57 0,57 0,59 - - 0,01  0,69 0,69 0,70 - - 0,01 
Power-law Slope 0,44 0,51 0,60 0,66 0,68 0,10  0,49 0,61 0,73 0,80 0,83 0,14 
         0,43 0,62 0,68 - - 0,13  0,50 0,75 0,83 - - 0,17 
 Polymer Mass  Polymer Mass 
Level 1 2 3 4 5 ACI  1 2 3 4 5 ACI 
Permeability 0,28 0,37 0,36 0,42 0,58 0,11  0,47 0,45 0,51 0,55 0,63 0,07 
Porosity 0,37 0,36 0,44 0,42 0,42 0,03  0,43 0,48 0,53 0,59 0,59 0,07 
Compressibility 0,41 0,35 0,46 - - 0,05  0,53 0,49 0,56 - - 0,04 
Oil Viscosity 0,41 0,39 0,41 - - 0,01  0,54 0,52 0,52 - - 0,01 
Power-law Slope 0,56 0,52 0,41 0,30 0,21 0,15  0,44 0,55 0,59 0,56 0,49 0,06 
         0,56 0,42 0,22 - - 0,17  0,48 0,60 0,49 - - 0,06 
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Figure 7.2 – Risk curves for <G1Rheo+G2Rheo>, <G1IP+G2Rheo>, Ideal Polymer and Water. 
Strategies that consider non-Newtonian behavior lead to similar values of NPV, but a significant 
drop in NPV is observed for low values of        . 
 
7.3. Risk Curve Comparison for Degradation Strategies 
Risk curves of indicators for the strategy <G1IP+G2Degrad> are compared with those for the 
Ideal Polymer and Water strategies in Figure 7.3. Values for average and standard deviation for 
each indicator are presented in Table 7.5. 
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Table 7.5 – Average and standard deviation () for the risk curves considering degradation. 
 
Ideal Polymer <G1IP+G2Degrad> Water 
 
Average  Average  Average  
NPV (E09 USD) 1,7 0,24 1.25 0.19 1,33 0,19 
Np (E06 m
3
) 35,6 3,52 19.57 2.05 19,4 1,97 
Wp (E06 m
3
) 65,6 4,98 35.64 3.15 36,5 3,81 
Winj (E06 m
3
) 104,1 8,60 56.95 5.26 57,8 5,83 
FRO (%) 43,7 0,97 24.03 1.54 23,8 0,65 
Polymer Mass 
(E06 kg) 
130,4 10,4 21.95 0.59 0,00 0,00 
 
Table 7.6 shows the values found for NAI, for the strategy <G1IP+G2Degrad>. Porosity has 
strong correlation with field results. Strong correlation is also observed for half-life time of 
degradation. 
Table 7.6 – Normalized Average Impact (NAI) and  
Attribute Coefficient of Impact (ACI) for risk curves for degradation 
 Net Present Value  Cumulative Injected Water 
Level 1 2 3 4 5 ACI  1 2 3 4 5 ACI 
Permeability 0,45 0,46 0,49 0,45 0,50 0,02  0,47 0,46 0,50 0,44 0,46 0,02 
Porosity 0,22 0,36 0,46 0,58 0,72 0,19  0,24 0,37 0,45 0,56 0,71 0,18 
Compressibility 0,48 0,40 0,53 - - 0,06  0,48 0,42 0,50 - - 0,04 
Oil Viscosity 0,44 0,47 0,50 - - 0,03  0,48 0,46 0,46 - - 0,01 
Half-life Time 0,38 0,41 0,43 0,50 0,63 0,10  0,30 0,36 0,43 0,52 0,72 0,17 
              
 Cumulative Produced Oil  Oil Recovery Factor 
Level 1 2 3 4 5 ACI  1 2 3 4 5 ACI 
Permeability 0,47 0,46 0,49 0,43 0,46 0,02  0,39 0,37 0,38 0,42 0,39 0,02 
Porosity 0,21 0,35 0,45 0,58 0,73 0,20  0,46 0,44 0,37 0,34 0,34 0,06 
Compressibility 0,47 0,41 0,51 - - 0,05  0,39 0,31 0,47 - - 0,08 
Oil Viscosity 0,45 0,46 0,48 - - 0,01  0,36 0,39 0,42 - - 0,03 
Half-life Time 0,33 0,38 0,41 0,50 0,70 0,14  0,19 0,28 0,36 0,40 0,72 0,20 
              
 Cumulative Produced Water  Polymer Mass 
Level 1 2 3 4 5 ACI  1 2 3 4 5 ACI 
Permeability 0,48 0,47 0,51 0,45 0,48 0,02  0,50 0,52 0,48 0,47 0,53 0,03 
Porosity 0,28 0,40 0,47 0,56 0,70 0,16  0,51 0,50 0,55 0,51 0,43 0,04 
Compressibility 0,49 0,44 0,51 - - 0,04  0,50 0,52 0,48 - - 0,02 
Oil Viscosity 0,52 0,47 0,44 - - 0,04  0,54 0,50 0,46 - - 0,04 
Half-life Time 0,30 0,36 0,45 0,54 0,74 0,17  0,75 0,58 0,52 0,44 0,21 0,20 
145 
 
 
Figure 7.3 – Risk curves for <G1IP+G2Degrad>, Ideal Polymer and Water. Strategies that consider 
degradation approach performance of Water strategy because polymer loses its viscosifying 
effect. 
 
Curves for water and <G1Degrad+G2Degrad> are coincident because, as explained in Chapter 6 
(Section 6.2.5), polymer flooding is not advantageous when degradation occurs. 
For <G1IP+G2Degrad> a small amount of polymer is injected to partially recover the effects 
of degradation in Ideal Polymer strategy. All the performance indicators, however, tend to be 
very similar to those found for water. When degradation occurs, results are expected to be similar 
to results for water flooding. 
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7.4. Risk Curve Comparison for Salinity Strategies 
Figure 7.4 presents risk curves for strategies that consider the effect of variations on salinity 
(<G1Salt+G2Salt>, <G1IP+G2Salt>). Table 7.7 shows values for average and standard deviation for 
these curves. 
  
Figure 7.4 – Risk curves for <G1Salt+G2Salt>, <G1IP+G2Salt>, Ideal Polymer and Water. Because 
of combined effect of retention and loss in viscosity, the drop in NPV is significant the entire 
curve. 
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Table 7.7 – Average and standard deviation () for the  
risk curves considering effect of salinity. 
 Ideal Polymer <G1Salt+G2Salt> <G1IP+G2Salt> Water 
 Average  Average  Average  Average  
NPV (E09 USD) 1,7 0,24 1,41 0,20 1,17 0,20 1,33 0,19 
Np (E06 m
3
) 35,6 3,52 23,10 2,32 22,8 2,68 19,4 1,97 
Wp (E06 m
3
) 65,6 4,98 46,45 5,24 70,6 11,26 36,5 3,81 
Winj (E06 m
3
) 104,1 8,60 71,59 6,22 95,0 13,35 57,8 5,83 
FRO (%) 43,7 0,97 28,38 1,82 28,0 2,30 23,8 0,65 
Polymer Mass 
(E06 kg) 
130,4 10,4 44,24 5,04 41,0 6,86 0,00 0,00 
 
Values of NAI for these strategies are shown in Table 7.8. Porosity has a significant impact 
in the majority of the field results. This is also observed for both salinity and retention levels. 
 
Table 7.8 – Normalized Average Impact (NAI) and Attribute Coefficient of Impact (ACI) 
for risk curves of salinity 
 <G1Salt+G2Salt>  <G1IP+G2Salt> 
 Net Present Value  Net Present Value 
Level 1 2 3 4 5 ACI  1 2 3 4 5 ACI 
Permeability 0,42 0,45 0,46 0,43 0,49 0,03  0,39 0,39 0,42 0,41 0,46 0,03 
Porosity 0,23 0,35 0,47 0,57 0,64 0,17  0,20 0,31 0,42 0,51 0,63 0,17 
Compressibility 0,46 0,38 0,51 - - 0,07  0,42 0,34 0,48 - - 0,07 
Oil Viscosity 0,41 0,45 0,49 - - 0,04  0,37 0,42 0,45 - - 0,04 
Salinity 0,60 0,50 0,43 0,39 0,33 0,11  0,56 0,35 0,37 0,38 0,40 0,08 
Retention 0,42 0,45 0,46 0,43 0,49 0,03  0,53 0,42 0,37 0,38 0,36 0,07 
 Cumulative Produced Oil  Cumulative Produced Oil 
Level 1 2 3 4 5 ACI  1 2 3 4 5 ACI 
Permeability 0,42 0,44 0,47 0,47 0,56 0,05  0,36 0,38 0,40 0,38 0,47 0,04 
Porosity 0,22 0,36 0,48 0,61 0,69 0,19  0,20 0,30 0,40 0,51 0,59 0,16 
Compressibility 0,49 0,40 0,53 - - 0,07  0,41 0,34 0,45 - - 0,06 
Oil Viscosity 0,46 0,47 0,48 - - 0,01  0,39 0,40 0,41 - - 0,01 
Salinity 0,51 0,47 0,46 0,47 0,44 0,03  0,50 0,37 0,37 0,37 0,39 0,06 
Retention 0,42 0,44 0,47 0,47 0,56 0,05  0,55 0,43 0,35 0,35 0,32 0,09 
 Cumulative Produced Water  Cumulative Produced Water 
Level 1 2 3 4 5 ACI  1 2 3 4 5 ACI 
Permeability 0,35 0,35 0,40 0,52 0,63 0,12  0,20 0,21 0,24 0,29 0,48 0,12 
Porosity 0,35 0,42 0,43 0,51 0,55 0,08  0,21 0,25 0,27 0,36 0,33 0,06 
Compressibility 0,47 0,40 0,49 - - 0,05  0,30 0,23 0,32 - - 0,04 
Oil Viscosity 0,46 0,46 0,44 - - 0,01  0,29 0,29 0,26 - - 0,02 
Salinity 0,27 0,33 0,46 0,56 0,64 0,15  0,33 0,29 0,27 0,26 0,28 0,03 
Retention 0,35 0,35 0,40 0,52 0,63 0,12  0,43 0,30 0,25 0,23 0,21 0,09 
 Cumulative Injected Water  Cumulative Injected Water 
Level 1 2 3 4 5 ACI  1 2 3 4 5 ACI 
Permeability 0,38 0,38 0,44 0,54 0,65 0,12  0,24 0,26 0,29 0,33 0,52 0,24 
Porosity 0,34 0,43 0,47 0,55 0,61 0,10  0,22 0,28 0,32 0,42 0,41 0,22 
Compressibility 0,49 0,42 0,52 - - 0,05  0,34 0,27 0,37 - - 0,34 
Oil Viscosity 0,48 0,49 0,47 - - 0,01  0,33 0,34 0,32 - - 0,33 
Salinity 0,34 0,38 0,48 0,57 0,63 0,12  0,39 0,33 0,31 0,30 0,32 0,39 
Retention 0,38 0,38 0,44 0,54 0,65 0,12  0,49 0,35 0,29 0,27 0,25 0,49 
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 Oil Recovery Factor  Oil Recovery Factor 
Level 1 2 3 4 5 ACI  1 2 3 4 5 ACI 
Permeability 0,45 0,46 0,50 0,65 0,70 0,11  0,37 0,38 0,39 0,47 0,55 0,08 
Porosity 0,72 0,65 0,56 0,49 0,36 0,14  0,48 0,45 0,43 0,42 0,37 0,04 
Compressibility 0,56 0,44 0,66 - - 0,11  0,43 0,33 0,53 - - 0,10 
Oil Viscosity 0,51 0,56 0,59 - - 0,04  0,42 0,44 0,43 - - 0,01 
Salinity 0,62 0,57 0,58 0,52 0,47 0,06  0,63 0,40 0,37 0,37 0,38 0,11 
Retention 0,45 0,46 0,50 0,65 0,70 0,11  0,68 0,49 0,39 0,32 0,27 0,16 
 Polymer Mass  Polymer Mass 
Level 1 2 3 4 5 ACI  1 2 3 4 5 ACI 
Permeability 0,23 0,26 0,32 0,50 0,68 0,19  0,28 0,31 0,35 0,41 0,59 0,12 
Porosity 0,36 0,40 0,40 0,43 0,42 0,03  0,24 0,30 0,38 0,49 0,53 0,12 
Compressibility 0,42 0,34 0,45 - - 0,06  0,40 0,33 0,42 - - 0,05 
Oil Viscosity 0,41 0,41 0,39 - - 0,01  0,38 0,40 0,38 - - 0,01 
Salinity 0,31 0,29 0,41 0,47 0,53 0,10  0,30 0,33 0,38 0,43 0,50 0,08 
Retention 0,23 0,26 0,32 0,50 0,68 0,19  0,38 0,34 0,37 0,41 0,44 0,04 
 
7.5. Summary 
Probabilistic analysis and risk curve comparisons are very important to allow robust 
analysis of the field, because it encloses effects of uncertainties in the final results. The curves of 
risk x return are important tools to assess risk and compare strategies because they plot for each 
strategy, its result against its risk indicator (in this case, standard deviation). Figure 7.5 shows 
these curves for the strategies considered. 
It is possible to observe that strategies selected for each property tend to be close to each 
other in these curves, meaning that they lead to similar values in terms of average value and 
standard deviation. This is an important fact, because it leads to the conclusion that the 
development of the field considering the property since the beginning of the strategy selection 
process does not bring significant additional gain when compared with the strategy selected for 
ideal polymer. 
From an operational point of view, this is very advantageous because in the beginning of 
the project, there is a high level of uncertainty and, if it is possible to develop the field with a 
simplified polymer model (ideal polymer), field development can be more reliable. 
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 Ideal Polymer  <G1Ret+G2Ret>  <G1Rheo+G2Rheo>  <G1Degrad+G2Degrad>  <G1Salt+G2Salt> 
 Water  <G1IP+G2Ret>  <G1IP+G2Rheo>  <G1IP+G2Degrad>  <G1IP+G2Salt> 
 
Figure 7.5 – Risk x Return curves for all strategies. It is possible to observe that strategies 
selected to each property tend to be close to each other in this graphics, meaning that they lead to 
similar values in terms of average value and standard deviation. 
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By comparing only average values, Figure 7.6 shows that the Ideal Polymer and Water 
strategies act as limit of performance. This figure leads to conclusions that are similar to those 
drawn from Figure 6.18, and corroborates conclusions from Figure 7.5 regarding to the fact that 
Ideal Polymer and Water strategies act as performance limits for other strategies, and that field 
developed with Ideal Polymer strategy leads to similar results of indicators than those found for 
strategies that consider property since beginning of production strategy selection. 
 
 
Figure 7.6 – Average of risk curves generated with strategies selected considering property since 
beginning (G1<prop>+G2<prop>) and considering Ideal Polymer strategy as G1 (G1IP+G2<prop>). 
Ideal Polymer and Water strategies are performance limit for other strategies and both strategies 
considering each property lead to similar results. 
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8. FINAL REMARKS 
In this thesis, polymer flooding properties were studied under three complementary aspects. 
Section 8.1 shows conclusions for the impacts of properties on field results. Impacts of these 
properties on production strategy selection are discussed in Section 8.2 and the generalization of 
these impacts in the probabilistic analysis is discussed in Section 8.3. Some general discussions 
are presented in Section 8.4 and suggestions for future works are presented in Section 8.5. 
8.1. Impacts of Polymer Properties on Field Indicators 
Polymer properties change the solution in three ways: polymer velocity (retention and 
IPV), polymer viscosity (concentration, salinity, degradation, and rheology) and molecular 
retention (retention, permeability reduction and salinity). The factors that impact most the 
indicators are the viscosity and retention levels. Thus, properties which change these variables 
have shown to strongly impact the field indicators. 
The properties were studied and their mathematical formulations were tested. Salinity, 
degradation, retention and non-Newtonian behavior showed the biggest impacts on field 
indicators, especially in NPV. In the cases of degradation and salinity, the decrease in NPV is so 
high that polymer flooding may not be an advantageous technique and comparison with water 
flooding would be recommended in such a case. 
It means that more effort must be used to reduce the uncertainties for both salinity and 
retention for field level projects. Laboratory tests on the other properties should be carried out, 
but keeping in mind that the economical return of diminishing their uncertainties can be small. 
8.2. Impact of Polymer Properties on Production Strategy Selection 
Optimization process selected for this work consists of a very robust process, to ensure that 
strategies as near as possible the optimum are selected. This demands very high computational 
efforts. It is estimated that 65000 simulations were necessary to perform this thesis, with an 
average simulation time of 60 minutes per simulation. This sort of analysis is only possible when 
adequate computational infrastructure is available. 
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An analysis on the evolution of the objective function during the strategy selection process 
shows that selection of G1 parameters result in a high variation in NPV, while G2 variation is 
considerably smaller. It is important to remember that if G2 values change considerably, it is 
recommended G1 values to be reoptimized with these new values of G2. 
Ideal polymer and water strategies act as superior and inferior performance limits. 
Strategies selected considering property since beginning (G1<prop>+G2<prop>) lead to similar 
results found for strategies considering Ideal Polymer strategy as G1 (G1IP+G2<prop>). Strategies 
considering salinity and degradation, however, decrease NPV values to near that found for water 
strategy, meaning that occurrence of those properties may lead injection project to fail. 
8.3. Probabilistic Analysis and Risk Curve Comparisons 
Probabilistic analysis and risk curve comparisons allow robust analysis of the field, because 
it encloses effects of uncertainties in the final results. The curves of risk x return are important 
tools to asset risk and compare strategies.  
Both indicators, Normalized Average Impact (NAI) and Attribute Coefficient of Impact 
(ACI), defined in this thesis, shown to be useful ways to quantify and compare the impact of each 
level for a given attribute, and of the attribute in the risk analysis. 
Porosity showed high values of ACI, meaning that it influences significantly almost all 
parameters in the risk curves. This may also be interpreted as that uncertainty on this attribute is 
very high, demanding it to be mitigated. Specific attributes for the curves that consider polymer 
properties also showed high values of ACI. 
Strategies selected for each property tend to be close to each other when plotted in a  
risk x return curve, meaning that they lead to similar values in terms of average value and 
standard deviation. This means that considering property since the beginning of strategy selection 
process does not bring significant additional gain when compared with the strategy selected for 
the ideal polymer. 
A comparison of average values shows that the ideal polymer and water strategies act as 
performance limits of the strategies, corroborating conclusions from the deterministic study.  
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8.4. General Conclusions 
Addition of polymers to the injection water in the reservoir considered in this work 
increases oil production, but may not be economically advantageous. An understanding of the 
uncertainties is mandatory to ensure that the project will be successful.  
Occurrence of degradation and variations of salinity lead to the highest decreases in NPV, 
meaning that effort must be concentrated to mitigate and avoid, or at least reduce uncertainties in 
these parameters.  
The Ideal Polymer strategy leads to a very optimistic strategy in terms of NPV. This 
strategy, however, along with Water strategy, act as limits of performance for other strategies, 
and the values found in this strategy can give reliable information to the decision maker on the 
possible return from the field. 
Finally, consideration of polymer properties related to polymer flooding does not impact 
significantly the production strategy selection for a field, and can be at a first approach, 
neglected. Unwanted effects related to the occurrence of these properties can be reverted by a 
readjustment of operational parameters of wells. 
8.5. Suggestions for Future Works 
Some suggestions for future works to continue this research, and which were out of the 
scope of this thesis are presented below, and would be high contribution to this field of 
knowledge. 
 Perform similar analysis with different chemical EOR techniques, such as 
surfactant, SP and ASP techniques, to extend the options for the decision maker. 
 Apply the whole twelve step methodology proposed by SCHIOZER et al. (2015), 
preferably in some real field, to compare the predictions of the Ideal Polymer and 
Water strategies with actual field data. 
 Follow the evolution of the indicators NAI and ACI during some field development, 
using closed loop field development (MOROSOV and SCHIOZER, 2016). These 
indicators explicit attributes that contribute strongly in the probabilistic analysis, 
indicating which of them must have reduction in the uncertainties. 
154 
 
 Test the effect of polymer properties on different types of reservoirs, to understand 
if the conclusions found in this work are also true for light oils, lower permeability, 
and other types of situations. 
 Verify cases with low flexibility, like mature fields for example, to understand if in 
these cases polymer flooding may be a viable technique. 
 Analyze the effect of polymer flooding in fractured reservoirs, where significant 
loss of mass can occur due to high permeability of the fractures. 
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APPENDIX A – Derivation of Pseudo-Skin 
Factor for Injectivity Correction 
The present appendix presents the derivations of two pseudo-skin factor correction methods 
to account for the non-Newtonian behavior of polymeric solutions, which include the method 
proposed by Li (2015), and the method proposed in STARS ® manual. Both of them are based 
on considering the non-Newtonian behavior of the fluid in the derivation of pressure equation. 
 
            
         
  
  
    
      
 Equation A.1 
 
where:   = Permeability 
     = Water relative permeability 
     = Well pressure 
        = Block pressure 
    = Water flow rate 
    = Peaceman equivalent radius 
    = Well radius 
   = Skin factor 
    = Water viscosity 
 
The basic idea for the derivation is to find an expression that correlates pressure and 
viscosity for a Newtonian fluid, and compare it to Equation A.1.  
The Darcy’s law in radial coordinates is represented by Equation A.2. 
    
    
       
 
  
 
 Equation A.2 
The viscosity varies with shear rate,               . Substituting in Equation A.2, and 
integrating, Equation A.3 is obtained. 
            
  
       
             
  
 
 Equation A.3 
Comparing Equation A.1 with Equation A.3, and solving for the skin factor S, one has 
Equation A.4. 
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 Equation A.4 
Equation A.4is a general equation proposed by Li (2015), and applicable for any correlation 
between apparent viscosity and shear rate. For the case of shear thinning fluids expressed by the 
power law, it can be given by Equation A.5. 
           
 
    
 
   
 Equation A.5 
The velocity in radial coordinates can be described by Equation A.6. 
      
 
    
 Equation A.6 
So, power law can be rewritten as Equation A.7. 
           
 
        
 
   
 Equation A.7 
In the approach used by STARS, water viscosity is the apparent viscosity calculated at a 
distance   , where block pressure equals radial flow pressure, and defined by Equation A.8. 
    
    
  
        
   
           
   
    
   
       
   
        
   
 Equation A.8 
In this case, water viscosity is given by Equation A.9. 
         
 
         
 
   
 Equation A.9 
Equation A.7 and Equation A.9 are substituted in Equation A.4 and it is integrated from 
well radius    to   .The derivation is shown from Equation A.10 to Equation A.15. 
      
      
 
        
 
   
  
 
  
  
     
 
         
 
      
  
  
 Equation A.10 
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 Equation A.15 
where:   = Power-law slope for shear-thinning 
    = Peaceman equivalent radius 
    = Well radius 
      = Skin factor for CMG approach 
 
LI et al. (2015) used a more rigorous approach for anisotropic media. Following 
PEACEMAN (1983) a conformal mapping is used to convert the anisotropic coordinates to 
isotropic coordinates. By doing so, the integration of Equation A.4 should now be performed 
from average well radius      and an equivalent external radius   
  , given by Equation A.16 and 
Equation A.17. Note that for isotropic media, Equation A.8 reduces to well radius    and external 
radius equals to Equation A.16. 
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 Equation A.17 
Water viscosity is calculated in the areal equivalent radius,   , expressed by Equation A.18. 
     
     
 
 Equation A.18 
The integration of Equation A.4, now with the limits defined in Equation A.16 and 
Equation A.17 leads to the derivation, shown from Equation A.19 to Equation A.24. 
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 Equation A.24 
 
where:   = Power-law slope for shear-thinning 
   
   = Peaceman equivalent radius 
    = Areal equivalent radius 
      = Average well radius 
     = Skin factor for Li (2015) approach 
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APPENDIX B – Modeling Polymer Flooding 
in STARS and UTCHEM 
The present appendix explains the main keywords related to polymer flooding in both 
STARS and UTCHEM simulators. Some examples about how to translate laboratory data into 
input data for both simulators are also presented. The main equations used in each of the 
simulators are briefly described, to help to understand the process of selection of the data.  
For STARS, all the commands and examples in this thesis consider the use of 
concentrations in terms of mass fractions. To do so, it is important to set the *MASSBASIS 
keyword in the input/output sections of the data file. 
The keywords are shown here, but more details on them should be taken at the user manuals 
and technical documentation. Also, the simulators have much more functionalities than those 
described here. The purpose of this Appendix is to provide some guidelines on how to simulate 
polymer flooding. 
 
Retention and Reversibility 
STARS models adsorption, and other types of retention can be incorporated on this formulation. 
Two different options are available: input the Langmuir Isotherm coefficients (Equation B.1) or 
input a table directly. 
     
                    
         
 Equation B.1 
The first thing to do is to convert units. Usually laboratory data are given in terms of 
micrograms of adsorbed polymer by gram of rock, whereas STARS works with kilograms per 
cubic meter (when *MASSBASIS option is used). Equation B.2 and Equation B.3 show an 
example of conversion of an adsorption of 50 g/g, in a rock with density of 2.65 g/cm3 and 
porosity of 30%.  
            
  
     
  
     
   
  
   
 
   
     
  
 
 
  
   
     
  Equation B.2 
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 Equation B.3 
To calculate the Langmuir coefficients, it is necessary to obtain laboratory measured data 
and fit the data with the Langmuir Isotherm equation. In the absence of laboratory data, it is 
suggested to use the following procedure: 
 
1- Calculate the value of tad3 using the Equation B.4. 
      
  
       
 Equation B.4 
2- Ignore the effect of salinity, making tad2=0. Rewrite the Langmuir equation as 
Equation B.5. 
     
       
         
 
    
    
 
       
         
  Equation B.5 
3- Calculate the value of tad1 using          , as in Equation B.6. 
      
                     
      
 
Equation B.6 
Using the example calculated before and considering a maximum concentration of 2500 
ppm (0.0025 g/m
3
), it is possible to calculate both parameters: 
      
  
      
      
Equation B.7 
 
      
                       
      
      
Equation B.8 
For the case of *ADSLANG option, the parameters tad1, tad2 and tad3 are inputted 
directly. In this case, however, it is necessary to change the value of *ADMAXT. This is because 
the maximum concentration is considered to be that at an infinite concentration, as calculated by 
Equation B.9 and Equation B.10. 
           
    
       
         
 
    
    
 Equation B.9 
 
        
    
    
      
Equation B.10 
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In this case, the keywords would be entered as below. 
*ADSCOMP 'Polymer' *Water 
    
*ADSLANG 1360 0 4000 
 
*ADMAXT 0.34                ** kg/m3 
*ADRT   0.34                ** 0 – Tot Reversible, =ADMAXT – Tot Irreversible 
*PORFT 0.9                  ** Accessible Pore Volume 
*RRFT 1                     ** Residual Resistance Factor 
 
The values can also be entered as a table of concentration in mass fraction and adsorption 
values kg/m
3
. The value of maximum concentration should, then, be equal to that calculated with 
Equation B.10. STARS allows a maximum of 20 inputs in this table. An example of table is 
shown below. 
*ADSCOMP 'Polymer' *Water 
    
*ADSTABLE  
** Polymer Concentration   Adsorption  
**   (mass fraction)        (kg/m3) 
 0   0 
 0.00005   0.051617816 
 0.0001   0.088487685 
 0.00015   0.116140086 
 0.0002   0.13764751 
 0.00025   0.154853448 
 0.000375  0.185824138 
 0.0005   0.206471264 
 0.000625  0.221219212 
 0.00075   0.232280172 
 0.000875  0.240883142 
 0.001   0.247765517 
 0.001125  0.253396552 
 0.00125   0.25808908 
 0.001375  0.262059682 
 0.0015   0.265463054 
 0.001625  0.268412644 
 0.00175   0.270993534 
 0.001875  0.273270791 
 0.002   0.275295019 
 0.002125  0.277106171 
 0.00225   0.278736207 
 0.002375  0.280211002 
 0.0025   0.281551724 
 
*ADMAXT 0.281551724         ** kg/m3 
*ADRT   0.281551724         ** 0 – Tot Reversible, =ADMAXT – Tot Irreversible 
*PORFT 0.9                  ** Accessible Pore Volume 
*RRFT 1                     ** Residual Resistance Factor 
 
 
UTCHEM doesn’t allow the input of the table, but uses Langmuir isotherm function where 
the model parameters are input to the simulator. It also models the effect of salinity and hardness 
on adsorption, as Equation B.11 and Equation B.12 show. 
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Equation B.11 
Where    = Polymer adsorption 
   = Overall Polymer Concentration 
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       = Fittingparameters 
 
  SEPCaaa 42414   Equation B.12 
Where      = Effective Salinity 
         = Fitting parameters 
 
It is worth remembering that concentration in UTCHEM is given by wt% (1 wt% = 10
4 
ppm). Calculating the parameters for our example, in this case, we will have 50 g/g of 
maximum adsorption and 0.25wt% of polymer concentration. The maximum adsorption is given 
in wt%/PV. Equation B.13 to Equation B.16 show the calculation of the maximum adsorption in 
these units. 
            
    
  
 Equation B.13 
 
              
  
     
  
     
   
  
   
 
   
     
  
 
 
 
  
     
  
 
   
 Equation B.14 
 
              
  
     
  
     
   
  
   
 
  
 
     
 Equation B.15 
 
             
  
     
     
     
   
  
     
   
  
 
     
       
   
  
 Equation B.16 
 
With the maximum adsorption, the values of     and    are calculated following the same 
steps of      and     . 
 
1- Calculate the value of b4 using the Equation B.17. 
    
  
       
 Equation B.17 
2- Ignore the effect of salinity, making a42=0. Rewrite the Langmuir equation 
as Equation B.18. 
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 Equation B.18 
3- Calculate the value of a41 using          , as in Equation B.19. 
     
                   
      
 
Equation B.19 
Using the example calculated before, and considering a maximum concentration of 2500 
ppm (0.25 wt%), it is possible to calculate both parameters: 
    
  
    
    
Equation B.20 
 
     
                   
    
      
Equation B.21 
UTCHEM doesn’t have a keyword similar to *ADMAXT, what means that the value 
calculated with     and    is already the value of adsorption considered. Below there is an 
example of use of these keywords. 
 
CC SURFACTANT AND POLYMER ADSORPTION PARAMETERS 
*---- AD31    AD32   B3D    AD41   AD42   B4D   IADK  IADS1   FADS   REFK  IADSP IADSS 
1      0.510001.36     0     40     0     0      0      0     0     0  
 
 
Salinity 
The salinity changes the polymer viscosity in three different ways. Each one of them will be 
treated separately in this section. 
To model salinity in STARS, it is necessary to create a new component, to represent it. This 
must be the last aqueous component, and the viscosity can be set equal to that of water. 
 
- Water viscosity 
STARS allows the water viscosity to be internally calculated, as explained in Chapter 2. To 
use this option, the water viscosity under the keyword *AVISC, must be set as zero, as shown 
below. 
 
 
*MODEL 5 5 5 3 
 
*COMPNAME 'Water'  'Polymer' 'Salt'  'Heavy Oil' 'Gas' 
**  -------- ---------- ---------- ---------- ---------- 
*CMM  0.01802  12  0.058443 0.170  0.016043 
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*PCRIT  22181  0  0  1824   4600 
*TCRIT  374.15  0  0  385.15  -82.55 
*MASSDEN 1067.9  1008.68  2170  967.9  320.37 
*AVISC  0  10  0  70  0.1 
 
 
The keyword *XNACL indicates the concentration of salt in the brine, allowing the internal 
calculation of the viscosity. Note that if *AVISC is different than zero for water, *XNACL will 
have no effect. 
In UTCHEM water viscosity is entered as an input parameter as the keyword VIS1.  
 
CC WATER AND OIL VISCOSITY , RESERVOIR TEMPERATURE 
*---- VIS1VIS2TSTAND 
       0.5     10      0  
 
 
- Polymer viscosity 
STARS uses Equation B.22 to model the influence of salinity on polymer viscosity. 
          
  
     
    
 
  
 Equation B.22 
Where      = Polymer viscosity (cP) 
     
  = Polymeric solution viscosity with no salt (cP) 
       = Salt concentration (wt%) 
      = Minimum salt concentration (wt%) 
   = Slope of salinity dependence 
 
Table B.1 gives an example of laboratory data. With this data a value for      must be 
selected. Let’s take as example,       . This allows calculating the slope of the log-log plot of 
           by Viscosity. 
Table B.1– Example of Viscosity Dependence on Salinity 
AddedNaCl 
(wt%) 
     
(cp) 
1.00 10.33 
1.54 8.12 
2.00 7.28 
3.00 6.36 
4.00 5.87 
5.00 5.54 
 
In this case, a value of           was found. Now, using a numerical solver software 
and Equation B.22, it is possible to calculate the value of     , in terms of the previously selected 
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    . Solving      to minimize the difference between the laboratory viscosity data and the 
calculated viscosity will give the correct     . For this example,             
  . These 
values are entered in the data file under the keyword *VSSALTCMP, as shown below. 
 
*VSSALTCMP 'Salt' 9.64e-3 -0.37696 
*XNACL 0.02 
 
 
For UTCHEM, it is important to remember that the units are different. The same laboratory 
data must now be plotted in terms of effective salinity (in mili-equivalent per mili-liter) and 
specific viscosity. The effective salinity is calculated using Equation B.23, and the specific 
viscosity, the Equation B.24. 
      
              
          
 Equation B.23 
 
           
       
  
 Equation B.24 
 
Using the data from Table B.1, the value calculated was          . 
 
- Salinity effect on adsorption 
Equation B.1 has the term     , which is multiplied by salt concentration and takes into 
account the influence of salinity on adsorption. This functionality is, however, not implemented 
up to the STARS 2014 version. In this case, another solution is proposed. 
STARS allows modeling different adsorption curves, and an interpolation among them 
taking into account the concentration of some component, which in our case is salt. 
In this example will be considered a case where the adsorption with no salt is            , 
and it is increased to              in the presence of 20% of salt. For the first set, the values of 
     and      have been found before. For the second value of adsorption, the parameters are  
           and          . Below is described the keywords that allow this interpolation. 
 
 
*ADSCOMP 'Polymer' *Water 
 
*INTCOMP 'Salt' *Water 
*INTLIN 
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*ADSLANG *2CMPW   
    0.00 1360  0  4000 
    0.20 13600 0  4000 
 
    
*ADMAXT 0.34           ** kg/m3 
*ADRT   0.34           ** 0 - Totally Reversible, =ADMAXT - Totally Irreversible 
*PORFT 0.9             ** Accessible Pore Volume 
*RRFT 1                ** Residual Resistance Factor 
 
 
UTCHEM works with Equation B.11 and Equation B.12. To increase the adsorption level 
by 10 times, for this example, the factor    must increased by this factor. A salinity of 20% of 
NaCl corresponds to an effective salinity of 3.42 meq/ml. Then, it is necessary to calculate the 
value of    . 
                        Equation B.25 
 
     
     
    
 
      
    
      Equation B.26 
 
The implementation for this case is shown below. 
 
CC SURFACTANT AND POLYMER ADSORPTION PARAMETERS 
*---- AD31    AD32   B3D    AD41   AD42   B4D   IADK  IADS1   FADS   REFK  IADSP IADSS 
1      0.510001.36  3.42    40     0     0      0      0     0     0  
 
 
Dependence of Viscosity on Concentration 
The formulation adopted by STARS (STARS 2014) is presented by Equation B.27.  
 
   
      
 
    
             
 
    
           Equation B.27 
Where   = Polymer Concentration (mass fraction) 
      = Maximum polymer concentration (mass fraction) 
   
  = Polymeric solution viscosity (cP) 
      = Solution viscosity at maximum polymer concentration (cP) 
    = Water viscosity (cP) 
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This form of the equation considers a linear mixing rule and requires fewer fitting 
parameters but and it does not fit the laboratory data well. It is useful, however, when insufficient 
laboratory information is available. Figure B.1 shows an example of this function. 
 
 
Figure B.1– Viscosity vs. Concentration using STARS formulation with linear mixing rule 
 
The mixing rule can be made non-linear by changing the concentration term for a function, 
which we will call     . This change is also implemented in STARS. Equation B.28 represents 
this variation. 
                                      Equation B.28 
Where   = Polymer Concentration 
      = Maximum polymer concentration (mass fraction) 
   
  = Polymeric solution viscosity (cP) 
      = Solution viscosity at maximum polymer concentration (cP) 
    = Water viscosity (cP) 
 
The first step to calculate      is to fit laboratory data. The suggestion is to use a 
polynomial of third order, like the case of Flory-Huggins equation, and is the approach chosen by 
UTCHEM. With this data, it is possible to calculate the function for any concentration, using the 
Equation B.29. 
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 Equation B.29 
Table B.2 shows an example of laboratory data. 
 
Table B.2– Example of laboratory data for dependence of viscosity on concentration 
PolymerConcentration (ppm) SolutionViscosity (cP) 
0 0.5 
500 1.32 
1000 3.78 
1500 10.00 
 
This data can be fitted by, for example a third order polynomial (with all the three 
coefficients being positives). This results in the Equation B.30. 
                                       Equation B.30 
Where C is the polymer solution concentration in mass fraction. With Equation B.29 and 
Equation B.30 is possible to calculate the viscosity at any concentration, and allows to fill the 
Table B.3. 
Table B.3– Calculation of non-linear mixing rule 
Point Concentration(massfraction)   (cP) f(c) 
1 0 0.500 0 
2 0.00015 0.700 0.100143 
3 0.0003 0.914 0.200257 
4 0.00045 1.199 0.300345 
5 0.0006 1.613 0.400369 
6 0.00075 2.213 0.500379 
7 0.0009 3.055 0.600371 
8 0.00105 4.198 0.700314 
9 0.0012 5.698 0.800214 
10 0.00135 7.613 0.900107 
11 0.0015 10.000 1 
 
With these data it is possible to add the information to STARS using the following 
keywords. The maximum polymer viscosity must be defined in the components definition, 
among other components. One example is shown below. 
 
 
*MODEL 5 5 5 3 
 
*COMPNAME 'Water'  'Polymer' 'Salt'  'Heavy Oil' 'Gas' 
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**  -------- ---------- ---------- ---------- ---------- 
*CMM  0.01802  12  0.058443 0.170  0.016043 
*PCRIT  22181  0  0  1824   4600 
*TCRIT  374.15  0  0  385.15  -82.55 
*MASSDEN 1067.9  1008.68  2170  967.9  320.37 
*AVISC  0.5  10  0.5  70  0.1 
 
The following keywords define the shape of viscosity vs. concentration curve. 
 
*VSMIXCOMP 'Polymer'   
*VSMIXENDP 0 0.0015      
*VSMIXFUNC 0 0.10014 0.200257 0.300345 0.400369 0.500379 0.600371 0.700314 0.800214 0.900107 1 
 
UTCHEM uses a cubic equation and considers the influence of salinity and hardness on the 
viscosity. This model is known as Flory-Huggins equation (Flory 1953), described by Equation 
B.31. It is important to stress that concentration is given here in percentage of weight. 
   
                      
        
      
    Equation B.31 
Where    = Water viscosity (cP) 
   
  = Polymeric solution viscosity (cP) 
     = Polymer concentration (wt%) 
      = Effective salinity (meq/ml) 
   = Slope of salinity dependence 
             = Fitting parameters for lab data. 
 
The first step to calculate those parameters is to measure the polymer viscosity at low shear 
rates, for different values of added salinity. This procedure was explained in the Salinity section 
of this chapter. 
The next step is to dilute the solution for different concentrations of polymer, for one 
chosen value of salinity. These values are plotted and the data fitted according to Flory’s 
equation. For preventing non-physical solutions, it is important that all fitting parameters are 
positive, and that            .  
The parameter      stands for the effective salinity, given in miliequivalent per milliliter. 
For example, take the value of 2% NaCl. 
           
 
 
 
   
      
 
    
   
              Equation B.32 
With the values of      and   , it is possible to fit the values of         and    . Using 
the same values found in Table B.2, it is possible to find the following values for the parameters. 
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Table B.4– Parameters to model dependence of viscosity on concentration in UTCHEM 
    1.9 
    2 
    1814.2 
   -0.429 
 
An example of implementation of these keywords is shown below. 
 
CC PARAMETERS TO CALCULATE POLYMER VISCOSITY AT ZERO SHEAR RATE 
*---- AP1      AP2      AP3 
      1.9      2.0     1814.2 
CC 
CC PARAMETER TO COMPUTE CSEP,MIN. CSEP, AND SLOPE OF LOG VIS. VS. LOG CSEP  
*---- BETAP    CSE1     SSLOPE 
       1        2.5     -0.429 
 
 
Non-Newtonian behavior 
STARS models the non-Newtonian behavior of solution using power-law for both shear-
thinning and shear-thickening effects. Usually the treatment is given in terms of shear rate, and 
not shear velocity. To do so, it is necessary to put the keyword “*SHEAREFFEC *SHR” in the 
input/output section of the simulation file. The shear correction factor is also inputted in this 
section of the simulator under the keyword *SHEAR_FAC. Its default value is 4.8, and the 
keyword is only necessary if it is desired to change it. Below there is an example of introduction 
of these keywords. 
 
*INUNIT SI 
*OUTUNIT SI 
 
*MASSBASIS 
*SHEAREFFEC *SHR 
*SHEAR_FAC 1.65 
 
 
Shear-Thinning is described with keyword *SHEARTHIN. This keyword receives 2 
parameters: the power-law coefficient and the minimum shear rate that shear rate interferes the 
viscosity. Actually power-law coefficients are fitting parameter for the tabulated data measured 
in laboraty. Let’s take as example the data from Table B.5. 
The first step is to measure the slope of the log x log curve of these data. This is the power 
law coefficient, and the coefficient to stars can be calculated as              . Figure B.2 
shows the data points plotted and the region chosen to the calculation of the slope. 
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Table B.5 – Example of Non-Newtonian Behavior of polymer solution 
Shear Rate 
(day
-1
) 
Viscosity 
(cP) 
864 10 
1861 10 
4010 9.9998 
8640 9.9992 
18614 9.9963 
40103 9.9831 
86400 9.924 
186143 9.6912 
401033 9.0494 
864000 8.0302 
1861431 6.9581 
4010333 5.9991 
8639999 5.1773 
18614314 4.4797 
40103324 3.8889 
86399995 3.3888 
 
 
Figure B.2 – Viscosity versus Shear Rate curve to calculate curve slope 
 
Using this value is possible to calculate the shear-thinning exponent,             . With 
this value and with the use of Equation B.33 it is possible to determine the value of the other 
parameter,        , which in this case, is 247174.8. 
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          for            
           
  
       
 
       
for                    
        for            
Equation B.33 
Where:      = Apparent viscosity (cP) 
      = Polymer viscosity at zero shear rate (cP) 
    = Brine viscosity (cP) 
   = Sear-dependent slope 
    = Shear rate (day-1) 
         = Minimum shear rate (day
-1
) 
         = Maximum shear rate (day
-1
) 
 
An example of use of *SHEARTHIN is shown below. 
 
*SHEARTHIN 0.815724268 247170.362 
 
 
Similar approach is made when *SHEARTHICK is used. STARS also allow the use of 
keyword *SHEARTAB, where the effect of shear rate on viscosity can be inputted as a table, so 
any viscosity theory can be tested. An example of use of *SHEARTAB is shown below. 
 
   *SHEARTAB 
   **shear rate (day-1)  visc(cp) 
 864  10.0000 
 1861  10.0000 
 4010  9.9998 
 8640  9.9992 
 18614  9.9963 
 40103  9.9831 
 86400  9.9240 
 186143  9.6912 
 401033  9.0494 
 864000  8.0302 
 1861431  6.9581 
 4010333  5.9991 
 8639999  5.1773 
 18614314 4.4797 
 40103324 3.8889 
 86399995 3.3888 
 
UTCHEM can model non-Newtonian behavior using Meter’s equation, as in Equation B.34 
 
      
  
    
   
  
     
 
    
 
Equation B.34 
Where:   = Power law coefficient 
   =shear rate (sec-1) 
       = shear rate which produces half of viscosity (sec
-1
) 
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    = Polymer viscosity (cP) 
   
  = Polymer viscosity at low shear rate (cP) 
    = Water viscosity (cP) 
 
Using the same dataset from Table B.5, and fitting Equation B.34 with a numerical solver 
software, it is possible to find the values         (POWN) and                
   (GAMHF). 
The gamma correction is given under the keyword GAMMAC. An example of implementation is 
shown below. 
 
CC PARAMETER FOR SHEAR RATE DEPENDENCE OF POLYMER VISCOSITY 
*---- GAMMAC   GAMHF   POWN   IPMOD  ISHEAR  RWEFF   GAMHF2   IGAMC 
15.75     124.61.55      02      0.50        0 
 
 
Molecular Degradation 
The simplest way to describe the molecular degradation is considering it to be a first order 
chemical reaction. In this case, two parameters are required: half-life time (or reaction rate) and 
stoichiometric coefficients of the reaction. 
The reaction rate is calculated using the Equation B.35. 
   
   
    
 Equation B.35 
The stoichiometric coefficient is calculated using Equation B.36. Sto1 is considered to be 
one. 
            
     
       
  Equation B.36 
To illustrate, let’s take an example where the half life time is 60 days, polymer molecule 
weight is 12 kg/gmole and water molecular weight, 0.01802 kg/gmole. In this case the 
calculations are shown by Equation B.37 and Equation B.38. 
   
   
    
 
   
       
                 Equation B.37 
 
         
           
                
         Equation B.38 
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This stoichiometric coefficient means that to keep the mass conservation, one mole of 
polymer must be turned into 665.92 moles of water. This formulation must be used when the 
option *MASSBASIS is not used.  
STARS uses the keyword *STOREAC and *STOFRAC to designate the reaction which are 
occurring (which components are being turned in which ones) and *FREQFAC to introduce the 
reaction rates. These keywords are inputted in the PVT section of the data file. An example 
without the use of *MASSBASIS is shown below. 
 
** Example of First Order reaction without *MASSBASIS 
**           Water  Polymer  Salt  Dead_Oil  Soln_Gas 
*STOREAC 0 10 0 0 
  *STOPROD665.92 00 0 0 
  *FREQFAC 0.0115524  
 
 
When the *MASSBASIS is chosen, the stoichiometric coefficients must be calculated in 
terms of mass, This means that it is expected that one kilogram of polymer must be converted 
into one kilogram of water, and the stoichiometric coefficient must be both taken as one. Below 
there is an example of this implementation. 
 
** Example of First Order reaction with *MASSBASIS 
**           Water  Polymer  Salt  Dead_Oil  Soln_Gas 
*STOREAC 0 10 0 0 
  *STOPROD     100 0 0 
  *FREQFAC 0.0115524  
 
 
UTCHEM doesn’t include the degradation model in the official release version. 
 
Inaccessible Pore Volume 
The input of inaccessible pore volume is very straightforward for both simulators. In the case of 
STARS, the keyword is the *PORFT, which actually represents the accessible pore volume. It is 
entered with the information of adsorption, and one example is described below. A value of 
*PORFT = 1 means that all porous media is accessible to the polymer (inaccessible pore volume 
= 0). 
 
*ADMAXT 0.34           ** kg/m3 
*ADRT   0.34           ** 0 - Totally Reversible, =ADMAXT - Totally Irreversible 
*PORFT 0.9             ** Accessible Pore Volume 
*RRFT 1                ** Residual Resistance Factor 
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UTCHEM also accounts the inaccessible pore volume in terms of effective porosity (or 
accessible pore volume). In this case, the keyword is the EPHI4. An example of the input 
parameter is shown below. 
 
CC FLAG FOR POLYMER PARTITIONING, PERM. REDUCTION PARAMETERS 
*----IPOLYM EPHI3 EPHI4 BRK    CRK    RKCUT 
1      1.    0.9100.  0.13      10 
 
 
Permeability Reduction 
When polymer is adsorbed on the pore walls, the flow of water becomes more difficult. Usually, 
the permeability to oil is not affected by this reduction because (for water-wet reservoirs), oil 
flows in the middle of the pores, and not near the walls. The permeability reduction can be 
calculated from laboratory, by performing a water flood, followed by a polymer flood and a 
posterior water flood. The residual resistance factor is defined by the Equation B.39. 
      
      
      
 
        
        
 Equation B.39 
 
The permeability is decreased by this factor, multiplied by the adsorption level. The 
keyword in STARS is the *RRFT, and is also input in the rock adsorption section. An example is 
shown below. 
 
*ADMAXT 0.34           ** kg/m3 
*ADRT   0.34           ** 0 - Totally Reversible, =ADMAXT - Totally Irreversible 
*PORFT 0.9             ** Accessible Pore Volume 
*RRFT 1.5              ** Residual Resistance Factor 
 
 
UTCHEM uses Equation B.40 and Equation B.41 to model permeability reduction. This 
formulation equals the one of STARS if            and     equals to the adsorption 
parameters. This formulation is different because allows the reduction to be dependent on the 
concentration, and not directly on adsorption. 
      
               
        
 Equation B.40 
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 Equation B.41 
The input parameters to represent the permeability reduction are BRK, CRK, and RKCUT. 
An example of this implementation is shown below.  
 
CC FLAG FOR POLYMER PARTITIONING, PERM. REDUCTION PARAMETERS 
*----IPOLYM EPHI3 EPHI4 BRK    CRK    RKCUT 
1      1.    0.9100.  0.13      10 
 
 
  
183 
 
APPENDIX C – Input Data File 
The present appendix shows the main parts of the input files for the simulator CMG-
STARS®. Some parts of this file are omitted or refer to include files, which are not presented 
here. The strategy to deal with injectors was to define in the same blocks one injector of water 
and other injector of polymers. To change injection fluid, a well was closed and other opened. 
 
  *****************************************************************************  
  ** INPUT/OUTPUT CONTROL  
  *****************************************************************************  
   
  ** Luis Lamas - 17/mar/2014  
   
  *TITLE1 'ST004'  
   
  *INUNIT *SI  
  *OUTUNIT *SI  
   
  *MASSBASIS  
  *SHEAREFFEC *SHR 
   
  *WSRF GRID TIME  
  *WSRF WELL TIME  
  *WSRF SECTOR TIME  
  *OUTPRN GRID NONE  
  *OUTPRN RES NONE  
  *OUTSRF WELL LAYER NONE  
  *OUTSRF GRID BPP OILPOT PRES SG SO SW TEMP CMPVISO CMPVISW CMPDENO CMPDENW VISO VISW  
   
  *OUTSRF WELL MASS COMPONENT 'Polymer'  
  *OUTSRF WELL COMPONENT 'Polymer'  
  **OUTSRF WELL LAYER NONE  
   
  *****************************************************************************  
  ** Reservoir Section  
  *****************************************************************************  
   
  *INCLUDE 'ST004_Reservatorio.inc'  
  *INCLUDE 'ST004_Porosidade.inc'  
  *INCLUDE 'ST004_Permeabilidade.inc'  
  *INCLUDE 'ST004_Pinchout.inc'  
  *END-GRID  
   
  *****************************************************************************  
  ** Fluid Definitions  
  *****************************************************************************  
   
  *ROCKTYPE 1 
  *PRPOR 31783 
  *CPOR 65E-8 
 
  *MODEL 5 5 5 3 
 
  *COMPNAME     'Water'    'Polymer'    'Salt'    'Dead_Oil'  'Soln_Gas' 
  **            --------  ----------  ----------  ----------  ---------- 
  *CMM    0.01802   12.000      0.058443    0.396028    0.0237032  
  *PCRIT         0.0000    0.0000       0.0000      0.0000      4583.05  
  *TCRIT         0.0000    0.0000       0.0000      0.0000      -73.9688  
  *MASSDEN      978.029   978.029        2170       960.214     295.338  
  *CP         4.67653e-7 4.67653e-7   4.67653e-7  1.92923e-6  1.92923e-6  
  *CT1       0.000454562 0.000454562  0.000454562 0.000441089 0.000441089  
  *AVG           0.0000    0.0000      0.0000       0.0000    0.000115405  
  *BVG           0.0000    0.0000      0.0000       0.0000       1.0000  
  *AVISC         0.0000   10.0000      0.0000      124.827       0.0138 
  *BVISC         0.0000    0.0000      0.0000       0.0000       0.0000  
 
 
  **$      temp                                    
  *VISCTABLE 
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    *ATPRES 11869.4 
    **Temp     'Water' 'Polymer' 'Salt'    'Dead_Oil'  'Soln_Gas' 
 5 0.00 10.00 0.50 2198990000.000000 10342.700000  
 25 0.00 10.00 0.50 4547880.000000 521.227000  
 45 0.00 10.00 0.50 63736.000000 66.096900  
 65 0.00 10.00 0.50 3079.580000 15.234500  
 81 0.00 10.00 0.50 501.536000 6.320670  
 131 0.00 10.00 0.50 13.207900 1.081390  
 211 0.00 10.00 0.50 1.014180 0.310228  
 291 0.00 10.00 0.50 0.349380 0.184512  
 371 0.00 10.00 0.50 0.209587 0.143753  
 451 0.00 10.00 0.50 0.159729 0.125863  
 531 0.00 10.00 0.50 0.136650 0.116598  
 611 0.00 10.00 0.50 0.124237 0.111277  
 691 0.00 10.00 0.50 0.116883 0.107992  
 771 0.00 10.00 0.50 0.112225 0.105855  
 811 0.00 10.00 0.50 0.110525 0.105063  
 
    *ATPRES 67341.3 
    **Temp     'Water' 'Polymer' 'Salt'    'Dead_Oil'  'Soln_Gas' 
 5 0.00 10.00 0.50 837863000.000000 3940.790000  
 25 0.00 10.00 0.50 1732840.000000 198.599000  
 45 0.00 10.00 0.50 24284.800000 25.184300  
 65 0.00 10.00 0.50 1173.390000 5.804690  
 81 0.00 10.00 0.50 191.096000 2.408310  
 131 0.00 10.00 0.50 5.032510 0.412032  
 211 0.00 10.00 0.50 0.386426 0.118203  
 291 0.00 10.00 0.50 0.133121 0.070303  
 371 0.00 10.00 0.50 0.079857 0.054773  
 451 0.00 10.00 0.50 0.060860 0.047956  
 531 0.00 10.00 0.50 0.052067 0.044427  
 611 0.00 10.00 0.50 0.047337 0.042399  
 691 0.00 10.00 0.50 0.044535 0.041147  
 771 0.00 10.00 0.50 0.042760 0.040333  
 811 0.00 10.00 0.50 0.042113 0.040031  
 
  *VSMIXCOMP 'Polymer' 
  *VSMIXENDP 0 0.0015    
  *VSMIXFUNC 0 0.100143 0.200257 0.300345 0.400369 0.500379 0.600371 0.700314 0.800214 0.900107 1  
 
  *SHEARTHIN 0.80 250000 
 
  *VSMIXCOMP 'Soln_Gas' 
  *VSMIXENDP 0 0.02739422374268530000 
  *VSMIXFUNC 0 0.0332669 0.0665338 0.0998007 0.131224 0.162322 0.193605 0.225273 0.256913 
0.288447 0.319671  
 
  ** Reference Conditions 
  *PRSR 101 
  *TEMR 81 
  *PSURF 101 
  *TSURF 16.85 
 
  *KV1 0 0 0 0 4115384.173 
  *KV2 0 0 0 0 6.163449E-04 
  *KV3 0 0 0 0 135.9944882 
  *KV4 0 0 0 0 -879.991 
  *KV5 0 0 0 0 -265.99 
 
  *STOREAC 0 1 0 0 0 
  *STOPROD 1 0 0 0 0     ** 665.92 0 0 0 0 
  *FREQFAC 0.001283606   ** 540 days 
 
  *VSSALTCMP 'Salt' 1e-2 -0.4 
  *XNACL 0.05 
 
  *****************************************************************************  
  ** Rock-Fluid Definitions  
  *****************************************************************************  
 
  *ROCKFLUID 
  *RPT 1 
  **$      Sw       krw      krow 
  *SWT 
         0.25  0.000000  0.600000 
         0.28  0.000190  0.528823 
         0.31  0.000972  0.462306 
         0.34  0.002526  0.400423 
         0.37  0.004972  0.343148 
         0.40  0.008408  0.290452 
         0.43  0.012916  0.242306 
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         0.46  0.018568  0.198677 
         0.49  0.025428  0.159529 
         0.52  0.033555  0.127823 
         0.55  0.043002  0.094515 
         0.58  0.053821  0.068558 
         0.61  0.066058  0.046895 
         0.64  0.079758  0.029463 
         0.67  0.094963  0.016182 
         0.70  0.111713  0.006954 
         0.73  0.130047  0.001641 
         0.76  0.150000  0.000000 
         1.00  1.000000  0.000000 
  ***************************************************************************** 
  **$      Sl           krg          krog 
  *SLT 
     0.350000      0.600000       0.00000 
     0.380000      0.495260  2.647533E-03 
     0.410000      0.401151  2.273390E-02 
     0.440000      0.317525  5.415533E-02 
     0.470000      0.244224  9.416809E-02 
     0.500000      0.181068      0.141461 
     0.530000      0.127861      0.195212 
     0.560000  8.437631E-02      0.254840 
     0.590000  5.034979E-02      0.319906 
     0.620000  2.546314E-02      0.390062 
     0.650000  9.309391E-03      0.465022 
     0.680000  1.309153E-03      0.544548 
     0.700000       0.00000      0.600000 
 
*ADSCOMP 'Polymer' *Water 
 
*INTCOMP 'Salt' *Water 
*INTLIN 
 
*ADSLANG *2CMPW   
      0.00  2267.22  0  6666.67 
      0.20  22672.22  0  6666.67 
 
*ADMAXT  0.340083 
*ADRT  0.340083 
*PORFT 0.9 
*RRFT 2 
   
  *****************************************************************************  
  ** Initial Conditions Section  
  *****************************************************************************  
  *INITIAL  
  *VERTICAL DEPTH_AVE  
   
  *INITREGION 1  
  *REFPRES 31783  
  *REFDEPTH 3075  
  *DWOC 3168  
  *MFRAC_OIL 'Soln_Gas' CON     0.025775192898258   ** 0.306538    
  *MFRAC_OIL 'Dead_Oil' CON     0.974224807101742   ** 0.693462     
  *MFRAC_WAT 'Water' CON            1  
 
  *************************************************************************************** 
  ** Numerical Control Section 
  *************************************************************************************** 
 
  *NUMERICAL   
  *ITERMAX 300    
  *DTMAX 90      
  *TFORM *ZT   
  *ISOTHERMAL 
  *NEWTONCYC 30 
 
  **************************************************************************************** 
  ** Wells and Recurrent Section 
  **************************************************************************************** 
 
  *RUN  
  *DATE 2010 1 1.00000  
  *DTWELL 0.5  
   
GROUP 'PolInjectors' ATTACHTO 'FIELD' 
 
 WELL  'InjWater_I4'  
 INJECTOR MOBWEIGHT EXPLICIT 'InjWater_I4'  
 INCOMP  WATER  0.95  0.  0.05  0.  0. 
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 OPERATE  MAX  STW  6000.  CONT REPEAT  
 OPERATE  MAX  BHP  41118.  CONT REPEAT  
 **$          rad  geofac  wfrac  skin  
 GEOMETRY  J  0.15  0.249  1.  0.  
 PERF  GEO  'InjWater_I4'  
 **$ UBA       ff  Status  Connection    
     7 30 15   1.  OPEN    FLOW-FROM  'SURFACE'  REFLAYER  
     8 31 15   1.  OPEN    FLOW-FROM  1  
     9 32 15   1.  OPEN    FLOW-FROM  2  
     10 33 15  1.  OPEN    FLOW-FROM  3  
     11 34 15  1.  OPEN    FLOW-FROM  4  
**SHUTIN 'InjWater_I4'      
 
 WELL  'InjPolymer_I4'  
 INJECTOR MOBWEIGHT EXPLICIT 'InjPolymer_I4'  
 INCOMP  WATER  0.9485 0.0015  0.05  0.  0. 
 OPERATE  MAX  STW  6000.  CONT REPEAT  
 OPERATE  MAX  BHP  41118.  CONT REPEAT  
 **$          rad  geofac  wfrac  skin  
 GEOMETRY  J  0.15  0.249  1.  0.  
 PERF  GEO  'InjPolymer_I4' 
 **$ UBA       ff  Status  Connection    
     7 30 15   1.  OPEN    FLOW-FROM  'SURFACE'  REFLAYER  
     8 31 15   1.  OPEN    FLOW-FROM  1  
     9 32 15   1.  OPEN    FLOW-FROM  2  
     10 33 15  1.  OPEN    FLOW-FROM  3  
     11 34 15  1.  OPEN    FLOW-FROM  4  
 
WELL  'PROD1'  
 PRODUCER 'PROD1'  
 OPERATE  MAX STL 6000.  CONT REPEAT  
 OPERATE  MIN BHP 11768.  CONT REPEAT  
 MONITOR WCUT 0.95 SHUTIN 
 **$          rad  geofac  wfrac  skin  
 GEOMETRY  J  0.15  0.249  1.  0.  
 PERF  GEO  'PROD1'  
 **$ UBA      ff  Status  Connection    
     24 15 1  1.  OPEN    FLOW-TO  'SURFACE'  REFLAYER  
     25 16 1  1.  OPEN    FLOW-TO  1  
     25 17 1  1.  OPEN    FLOW-TO  2  
     26 18 1  1.  OPEN    FLOW-TO  3  
     26 19 1  1.  OPEN    FLOW-TO  4  
     27 20 1  1.  OPEN    FLOW-TO  5  
 
*DATE 2010 6 1 
*DATE 2010 12 1 
*DATE 2011 6 1 
*DATE 2011 12 1 
 
*DTWELL 0.5 
*SHUTIN 'InjWater*' 
*OPEN 'InjPolymer*' 
 
*DATE 2012 6 1 
*DATE 2012 12 1 
*DATE 2013 6 1 
*DATE 2013 12 1 
*DATE 2014 6 1 
*DATE 2014 12 1 
*DATE 2015 6 1 
*DATE 2015 12 1 
*DATE 2016 6 1 
*DATE 2016 12 1 
*DATE 2017 6 1 
*DATE 2017 12 1 
*DATE 2018 6 1 
*DATE 2018 12 1 
 
*DTWELL 0.5 
*OPEN 'InjWater*' 
*SHUTIN 'InjPolymer*' 
 
*DATE 2019 6 1 
*DATE 2019 12 1 
*STOP 
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APPENDIX D – Comparison of Risk Curves 
Comparison of risk curves may lead to wrong conclusions if not performed with enough 
attention. One example of this misconception is shown in Figure D.1, where two risk curves are 
compared.  
It may yield the interpretation that Ideal Polymer strategy always leads to higher values 
than Retention strategy. When a comparison is made, scenario by scenario, however, it is 
possible to note that for 3% of the geologic scenarios, Retention strategy may lead to higher 
values than that for Ideal Polymer strategy. 
 
 
Figure D.1 – Comparison of risk curves in left may lead to erroneous conclusion that for every 
geologic scenario Ideal Polymer strategy will lead to higher NPV than Retention strategy. 
Comparing scenario by scenario and calculating the difference (right) it is possible to observe 
that for 3% of the cases, Retention strategy leads to higher NPV. 
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